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Chapter 11 '

DAMAGE TO STRUCTURES i}

S ~trRobucTioN

. The two principal phenomena associated
with nuclear explosions that result in damage to
structures are blast and shock. and thermal radi-
ation. In general. structures that are located
above ground are more suscéptible 1o damage by
air blast than by ground shock: however, if the
depth of the burst is sufficiently great. ground
shock may be the predominant damage produc-
ing phenomenon. Buried structures. on the other

hand. are more susceptible to damage from

ground shock. either air-induced or direct-
transmitted. Fires also are a primary cause of
damage to structures, The fires may result from
ignition of material by the thermal pulse from
the explosion. or they may be initiated as a con-
sequence of blast damage. e.c.. by the rupture of
gas lines,

ﬂThis chapter contains seven sections.
The Tirst section provides the methods for evalu-
ation of the vulnerabilityv of conventional sur-
face or aboveground structures. Additional
information concerning these analyses is pro-

vided in Appendix C. The free-field air blast .

environmental data that are required for use
with the methodology described in Appendix C
are contained in Section 1 of Chapter 2.

Sectjon 1l provides the methodology for
evalualing the vulnerability of underground
structures. Section 11l describes the shock vul-

nerability of equipment and personnel. Both.

Sections Il and 1 of this chapter are closely
related 1o Section Il of Chapter 2.

Section IV provides a description of the

amage mechanisms for dams and harbor instal-

lations. Section V contains procedures for esti-

mating vulnerability of petroleum, oil, and lubri-
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cant (POL)} storage tanks. while Section VI
contains similar estimates for field fortifications.

The first six sections of this chapter are
concerned primarily with blast and shock dam-
age to structures. Section VII provides a discus-
sion of fire in urban areas that could result from
a nuclear explosion. Selected examples of anal-
vses that have been performed are provided in
Section VIl. Section Il of Chapter 9 contains
additional information concerning thermal radi-
ation damage 1o materials that might ultimately
result in structural damage,

SECTION 1

@ p~AGE TO ABOVEGROUND
| STRUCTURES [l - -~

Damage to surface structures can be
caused by the blast and thermal effects from a
nuclear detonation. Air blast may cause damage
that ranges from the breaking of windows and
cracking of plaster to virtually complete destruc-
tion. The nature and extent of this damage will
depend upon the weapon vield, the height of
burst. the distance from ground zero to the
structure, and the nature of the structure. The
characteristics of the structure that affect the
magnitude and type of damage are the strength,
ductility, shape, mass of the structural -frame
and of the wall and roof coverings, and the num-
ber and size of openings.
q The magnitudes of the vertical and hori-
zontal blast Joadings on the surfaces of a struc-
ture vary with the angle of elevation from the
structure to the burst. When a structure js direci-
ly underneath the burst point (at ground zero),
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the roofs and floors mayv be dished in or de-
stroved. and the walls mayv collapse. but there is
Iittiz or no tendency to displace the structure
lateralln. Farther from ground zero. the hori-
zontal compoenent of the loading becomes im-
portant. Under these circumstances damage gen-
erally is caused by u latera! distortion of the
frame. For most structures. the damage produced
by u given overpressure increases with weapbn
vield beczuse of the corresponding increass in
the duration of the loading.

Direct thermal radiation causes fires by
igniticn cof kindhine fuels, These ignitions may
-occur well bevond the limits of significant blast
damage. Blust may alse damage structures by
secondary effects. such us by fires initiated by
short circuits. ruptured gas mains and ruptured
or overturned stoves and furnaces. Fire in urban
areas is described separately in Section VII.
The effects of ground shock. either di-
rectly transmitted through the ground or in-
duced by the air biast wave, on the structural
damage of aboveground structures is negligible
in comparison to the damage produced by air
blast overpressures.

@ ~roiasterrecTs L
11-1_Nature of Loading Y

The blast loads on a structure depend on
the free-field blast phenomenz and the geom-
etryv, orientation, and environment of the
5 fre.

A large essentially closed structure with
walls that remain intact throughout most of the
load duration is primarily sensitive to the dif-
fraction phase (see Section I, Chapter 9), since
most of the translational load is applied during
this period. When a blast. wave strikes this tvpe
of structure, it is reflected, thereby creating
pressures greater than the incident overpressure.
Subsequently. the reflected pressure decavs to
that of the free-field air blast wave. As the blast
wave progresses, it engulfs the structure and
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soon exerts overpressures on all sides. Before the
blast wave reaches the rear face, pressures on the
front exert translational forces in the direction
of blast wave propagation. After the wave
reaches the rear face. the pressures on the rear
tend to counter the pressures on. the front, For
smaller structures. the blast wave reaches the
rear face more quickly. and the pressure differ-
ential exists for a shorter time. Thus, the net
translational loading during the diffraction phase
depends heavily on structural dimensions. A
longer duration blast wave does not materially
change the magnitude of the net translational
loading during the diffraction phase or the dam-
age resulting therefrom. In other words. the
structure is primarilv sensitive to the peak blast
wave overpressures.

During the diffraction phase and until
the entire blast wave has passed. dynamic pres-
sures are also exerted on structures, Dynamic
pressure loading is commonly referred to as drag
loading. In the case of a large closed structure.
the drag phase loading is small relative to the
overpressure loading during the diffraction
phase. The drag phase assumes greater relative
importance for smaller structures. For small area
components. such as the frame of a structure
after removzl of siding, the translational load ap-
plied as a result of the drag phase is much great-
er than the net transiational loading from over-
pressures during the diffraction phase. The drag
phase is the dominant factor in producing dam-
age to frame buildings. whose siding is removed
during the diffraction phase. The net load on
bridges during the diffraction phase is applied
for an extremely short time, while the drag
phase continues until the entire blast wave has
passed the structure. Since the drag phase dura-
tion is closely related to the duration of the

blast wave rather than to the overall dimensions &I

of the structure, damage depends not only on

peak dynamic pressure but also on the duration ed
of the positive phase of the dynamic pressure. 2
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Thus. damage 1o tins type of structure depends

on weaporn vield as well as on peak overpressure.

I constructing the isodamage curves
that will be described later (paragraph 11-41, the
shapes of both the free-field overpressure and
dvnamic pressure pulses were assumed to be

ideal (see Section [, Chapter 2). and simplified

representations of these were used. Because of
the lack of available quantitative data. nonideal
wave forms. nonzero rise times. and precursor
formations were not considered in the calcula-
tions. The idealized functions that were assumed
to act on the structures are shown schematically
in Figures 11-1a through 11-1d. The method by
which these functions were generated is describ-
ed mm-Appendix €. The structure numbers shown
m Figure li-1 refer to the structures that are
described and numbered in Tables 11-1 and 11-2
(see paragraph 11-2),

11-2 Nature of Damage-

Damage mayv range from none to light.
moderate. or severe. Descriptions of the several
- degrees of damage for the various types of struc-
tures are given in Tables 11-1 and []-2.* Table

~11-1 hsts those types of structures that generally -

are affected primarily by air blast overpressure
during the diffraction phase. while Table 11-2
. lists those 1ypes of structures that are primarily
. sensitive to drag loading. A major factor to con-
sider in assessing structural damage is the effect
of the damage on continued operations within
the structure. lf rugged equipment 15 mounted
on a foundation at ground level, major distor-
tion or even collapse of a structure may not pre-
clude operation of the equipment. Conversely, if
the equipment is tied in with the structural
frame, distortion of the structure may prevent

or seriously affect operability of the equipment.

" The structure numbers in Tables 11-1, 11-2, and some
suCceeding tables in this section correspond to-the figure number
that porurays the isodamage curves for that structure (paragraph
1i4), ‘

No satisfactory general method has been de-
veloped for relating damage of structures to the
operational equipment contained within them.

' This relationship mayv be established.for particu-

lar cases of interest on an individual basis. In
general, severe structural damage. approaching
collapse, will entail a major reduction in operat-
ing capability. Damage to structures has been
divided into three major categories as follows:
® Severe damage. That degree of structural
damage that precludes further use of &
structure for the purpose for which it is
intended without essentially complete re-
construction. Generally, collapse of the
structure is implied. '
® AMModerate damage. That degree of struc-
tural damage to principal load-carrving
members (trusses. columns., beams. and
load-carrving walls) that precludes effec-
tive use of a structure for the purpose for
which 1t is intended until major repairs are
made.
® Light damage That degree of damage that
results in broken windows, slight damage
" to roofing and siding. blowing down of
light interior partitions, slight cracking of
curtain walls in buildings. and as described
in Tables t1-1 and 11-2 for other struc-
tures.

11-3 Structural Characteristics -

The categorization of structures as being
either diffraction sensitive or drag sensitive is
justified in comparatively few cases. Most rea)
surface structures are affected by, and respond
to, loading during both phases. The structural
characteristics significant in the determination_
of loading, response, and damage are: the
strength, ductility, shape, and mass of the struc-
tural frame and of the wall and roof coverings,
as well as the number and size of the openings.

At one extreme is a structure with solid
wails and roof that have resistances equal to or

11-3
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Table 11-1. .

Damage to Types of Structures Primarilly Affected by Blast Wave
Overpressure During the Diffraction Phase

Strugture snd
Figurc Number

a

Desenipuon of
Strudture

Descripion of Damage

Severe

Moderate

Light

11-

1.

)

4

b

Mulustory remiorced
concrete building with
retniorced concrete
walls blast resisian;
designec fo; 30-pa
Mach repicr pressure
from: b M
Mulustony reinforced
consrete building with
conasrete walls, smali |
window ared. thres 1y .

eight siories

Mulustory wafl~bearing
bulding. brick apart-
meRt house Lype. up
10 three stores.

Mulustory wall-bearing
building. munumentess
1y pi. up to four story.

Woud 1rame building.
house 1yp2. one or
(W0 STOTIES.

ne windows ’

Walls shattered. severe
frame distortier.,
incipient coliapse

Walls shattered severc
framz distoriior.
inaiprent ¢oliaps:

Collapse or bearing

walls. resulting i
total collapse of
structure

Coltupse of bearing
walls. resulung an
coliapss of struc-

“ture supported by,

these walis. Some
beuring walls may

be intervening walls
so that part of the
Structure may receive

only moderate damage.

Frame shauterad
resulung 1n almost
complete collapse.

Walls breached or on
the point of being s0. |
irame distoried. en~
tranceways damaged.
doors blown in of
jammed. extensne
spalling of conzrete.
Exterior walls severels
cracked. Intenor par-
tiions severely crached
or biown dowr. Struc-
turai frame permanenio
distorted. extensive
spalitng of cuncrate.
Extenior walls severaiy
cricked anterior puar-
tiions severels cracked
or blown down.

Exterior walls.fasing
blast severely cracked.
interior partiuons
severely cracked with
damage toward far
end of building
possibly less intense.

Well framing cracked
Roof severely damaged.
interior partinions
blown down,

Some cracking of concrete
walls and frame

Yangdaws ynd doors blown
inoantenor p'dFll“DnS

Cruched

Windows and doors blown
1. IN1ETIOr partuuons
cracked.

Windows and doors blown
15, IBtenor partinons
cracked

Windows and doors blown
I, 1interior szllllUﬂS
crached :




Tabwe 11-2. . Damage to Types of Structures Pri

Pressure During the Drag Phase -

marily Atffected by Dynami¢

Struture arg

Figure Numbe:

Description of
Siructure

Description of Damage

Severs

Moderate

Ligh:

117

11- &

1i=10

11=-11

11-12

Light steel-frame indus-
trial buiiding. single
story. with up tv S-tur
crane capazity:low
strength wallse which
farl quickh

Heavy steel-trame ini-
dustral building. singl<
stuny, with 23 1o S6-
on crdanz capa:ll)‘
lightweight. low
strength walls which
farl quickiy.

Heavy steel-frume 1n-
dustrial building. single
story . with 60 1o 100-
10N crane capaciy.
hghtweight low
strength walls which
fail quickly.
Mulustory steel-frame
office-type building.

3 to 10 stones. Light-

weight tow strength
waulls which fail quickly .
earthquake resistant
construction.

Mulustory steel-frame
offrce-1ype building.

310 10 stories. Light-
weight low strength

walls which fail quickly,
nonearthguake resistant
construction.

Mulustory reinforced
concrete frame office-
type building. 3 to 10
stories; lightweight low
strength walls which
fail quickly. esrthquake
resistant construcLion.

Severe distoriion or
collapsz of frame

Severe distortion or
collapse of frams

Severz distortion or
collapse of frame.

Severe frame distortion,
incipient collapse.

Severe frame distortion,
meipient collapse

Severe frame distortion,
incipient collapse.

Minor 1o major distortion
of (rame, crames, il any.
not operable until re-
pairs made.

Some distortion to frame.

cranes not operable until
repatrs made.

Some distortion Lo frame,

cranes not operable until
repairs made.

\

Frame distoried moder-
alely. INLENIOL ParuLIons
blown down.

Frame distoried moder-
ately. interior parunons
blown down.

M'LH-'-
Framefdistorted moder-
ately, mpartitions blown
down, some spalling of
concrele.

Windows and doors blowr
in. hight siding rippec ofr

Windows and doors blown
in. light siding ripped off.

Windows and doors blown
in. ight siding nipped off.

Windows and doors blown
in, light siding ripped offi,
interior partitions
cracked.

Windows and doors blown
in, hight siding nipped off,
nterior pal'lllIOHS
cracked.

Windows and doors blown
in, light siding ripped off,
interior partitions cracked.
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Table 11-2. . (Continued:

Structure and

Figure Numbe:

Description of
Structure

Description of Damags

Severe

Moderate

Ligh:

1i-12

Ji-14

INEN

1i-16

11-17

1i-16

Mulustory reinforced
concrete frame office-
type bwiding. 3 to 10
stonies, hghtweight low
strength walls which fail
quickly. nonearthquake
Tesistant construclion

Highway truss bridges.
&-tane. spans 200 e
400 13, railroad trus.
bridges. double trah
baiiast fioor. spans
20010 400 N1
Highway 1russ bndges.
2-lane, spans 200 tc

400 f1. radroad truss

bridges. single track
ballast or double track
open floors. spans 200
to 400 f(; railroad truss
bridges. single track
open floor. span 400 f1

Railroad truss bridges.
single track oper flocs.
spar. 200 fr.

Highway pirder bridges
4-lane through. spar.
75 1

Highway girder bridpes.
2-lane deck. 2-lan:
through. 4-lane deck,
span 75 ft, railroad
guder brdges. double-
track deck, open or
ballast floor, span

75 ft; railroad girder
bridges. single or .
double track through,
baiiast floors, span

75 1.

Severe frame distortion.
incipient ccllapse.

Total failure of latera!
bracing of anchorags
collapse of bridge |

(D1t

{Dnio)
{Ditto)

Total failure of lateral
bracing or anchorage.
collapse of bndge.

Frame distorted moder-
ately, interior partitions
blown down. some
spaliing of concrete.

Substantal distortion ot
laters! bracing or dhppoe:
On SUpparls, signilisan:
reduction In capadily of
bridg:

(D1t

{Disol

(Ditio)

Subsianual distortion of

laterzi bracing or shippage
on supports, significant -
reduction in capacity of

bnidge

Windows and doors blow;,
in. light siding nippec oi:.

Intenyr parutions crached

Capudity of brnidge not
stiemiicantly reduced.
shght distornion of somi
bridge components

(Dr1c

{Di10)

(Ditto}

Capacity of bridge not
signinicanty reduced.
slight distortion of some
bridge components.
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Table 11-2. ‘ (Concluded)

Structure and
Figure Number

Description, of
Strasture

Description of Damage

Severe

Moderate

Light

11-19

-

Rullroad grrder brtdécs.

-single track dech, uper.

or ballast Mours. spa:,
75 M. railread girder
bridges. single i
double tract. through
vper floors, spos

T n

Highway girder bnidges
2-jand through* d=iang
devk v through. spar
200t razirosd grrde:
bridges. doubie tralk
dech v through

ballast floor, span

200 0

Highwuy girder bridges.
2<lzne dech. spur 200

i1, ratroad girder bridges.

single track deck or
through. bailast floors,
span 200 fu. railroud
girder bridges. double
track deck or through.
open fleers, spunr 200 fu.

Ruilroud girder bridges

“sinple track deck or

through. vpen floors,
spun 200 {1

Flouating bridges, U.S.
Army standard M-2 and

M-4, random orientalion.

Tots) Failure of Jaresal
bracing or anchorage.
collapse of brnidg=

(D

T (D

(Do)

Substsnual distortion of
latery] bracing or slippage
on supports. significant
reduction w capacity of
bridge.

(D1

(Do

(DIH\W)

Capacuy of bridge not
sigmificantly reduced.
shight distertion of some
bridge components.

(Dt

(Dtlw)

(Dito)




greater than that of the structural frame Such a
structure is primarily diffraction sensitive. At
the other extreme is a structure covered with
Jight frangible material tor virtually no walls)
which is blown off under the initial blast impact
leaving a skeleton frame sensitive only to drag
forces. The majority of structures. whose walls
have geometrical and strength characteristics suf-
ficient 10 impart a certain amount of force to
the structural frame before failing during 1he dif-
fraction phase. lic batween these two.

As mentioned previously. the respons=

ol u structure. and consequently the nature and:

extent of damage, depends on the strength. duc-
tility. and mass of the structure or structural
element. Mass is significant in that it affects pri-
murily  the naturdl eriod of vibration
eral. as the mass increases.-the period of vibra-
tion increases. and the maximum pressure of a
given duration required to produce a specified
amount of damage also increases. a]thouﬂh these
variaygons are not linear.

The vield strength of a structure is of
obvious significance. but of almost equal impor-
tance is ductihty. Ductility is a measure of the
abilitv of a structure. or element thereof. to de-
form bevond the limit of elasticity without frac-
turing: Ductility. therefore. is related directly to
energy absorbing capacity and has a strong ef-
fect on the blast resistance afforded by a given
structural yield strength. For a given yield
strength. as the ductility increases. the maxi-
mum pressure of a given duration necessary 10
produce failure also increases, though not
linearly )

For each butlding tvpe listed in Tables
17-T and 11-2. the structural characteristics are
sufficiently similar that structures of a given
type are considered to respond in approximately
the same way under identical loading conditions,
despite a recognized variability of unknown
amount for each type. The structural parameters
taken as being characteristic. or typical. of each
building type are shown in Table 11-3.

. I ogen-

Similar characteristics cannot be given
conveniently for bridges because the significam
mass. resistance. and dynamic parameters vary
S0 great]\ with span, even within each type of
bridge.*

11-4  Isodamage Curves -

Isodamage curves. which are functions
of weapon yield. distance. and height-of-burst.
are presented in Figures 11-2 through 11-23. for
various types of structures for weapons ranging
in yield from 0.01 kt to 30 Mt. It should be
noted. however, that for structures where iso-
damage curves are given for low-vield weapons —
ranging from 0.0] kt 10 about 3 kt — severe
damage as read from the curve mayv imply severe
damage 1o only a portion of the structure. For
any vield. a structure which has a dimension
greater than about half the damage distance
given 1n the isodamage curves probably will not
suffer total collapse. '

The character of damage will vary with
the 1vpe of structure and with the position of
the weapon with respect to the target structure.
For an overhead burst, buijlding roof systems
may be dished in. walls cracked. partitions dis-
placed. etc. to produce moderate damage:
whereas for severe damage. the floor svstems in
general will collapse. Little or no lateral distor-
tion of the frame may be expected from an over-
head burst. For configurations other than over-
head or near-overhead bursts. the -damage to

" buildings will be largely due 1o lateral distortion

of the frame and walls. rather than distortion of
the floor svstem as discussed above.

When subjected primarily to horizon-
tally applied blast pressures, damage to bridges
generally will result from failure of the lateral
bracing systems or from failure of the anchorage
connections and subsequent transverse sliding on

- A more detailed discussion of bridge characteristics may
be found in Methods for Derermining the Vulnerabilitv of
Selecied Types of Bridges (See Bibliography).

11-9



Table 11-3. ‘ Building Parameter Values .

Range of Structural Paramelers

Structure Period of Ducility Static Yield Clearing
and Figure Vibration. Factor. Resistance, Distance
Numba: T {sec) et q\, (psi)® S (fee)?
11- 2 0.10-0.13 -5 55-80 30
11- = 0.24-0.5¢ -7 -.5-3.5 s
- 3 0.12-0.18 2.3 1.0-1.6 3
1- 3 12-0.18 -5 3.0-50 S
11- 6 0.20-0.30 2- 6 04-06 3
-7 0.50-1.20 5-15 0.5-1.0 0
11- & 0.20-0.8¢ 5-10 0.7-2.3 0
1]-¢ 0.20-030 5-10 1.5-30 0
=10, 0.40-0.50 5-15 3.0-6.0 ¢
11-11 "0.40-0.80 3-15 1.0-3.0 0
11-12 0.25-0.73 5-10 3.5-6.0 0
11-13 025-0.7% 5-10 15-3.5 o

*Ratio of def lection corresponding to severe damage to deflnuon av \'Jeldmg

TStatic pressure on exposed area causing yielding.

Ishortes: distance from stagnanion point to .a clear edge-variation not considered. -

their supports. Under some circumstances, high.
very narrow truss bridges mayv fail by overturn-
Ing at pressures shghtly less than those associ-
ated with failure through the two more comnion
mechanisms. However. in view of the uncertain-
ties involved. overturning is not considered as a
possible failure mode in the isodamage curves
for bridees. :

For an overhead burst, bridge response
al a given pressure levelis extremely sensitive to
the height of the bridge above ground surface.
Hence. since this additional parameter could not
be represented on the isodamage curves, these
curves were terminated at ranges at which the
mode of damage was thought to change from

11-10

transverse failure to vertical failure *

The degree of damage to a structure.
caused by the air blast from a nuclear explosion
depends on a great many paramelers including
those that affect the nature of the loading and
those that affect the dynamic properties and re-
sistance of the structure. Because all of these
parameters are-subject to variation for structures
within a particular classification, detailed calcu-
lations for particular structures are quite com-

'! Failure of bridges under vertically applied loads may be
stigated for individual cases by methods given in Methods for
Derermining the Vulnerability of Selected Tvpes of Bridges (Sée
Bibliography),



Table 1i-4. . Reference List of Isodamage Curves for Various Types of Bridges .

Isodamage Curves
(If wwo figures are
shown, interpolate
Span between them on

Bridgs Type in Feet the basis of span.)
Highwaoy truss bridges (deck or through:
4=lung 200-400 - ' Fig. 11-14
“2-lane 200400 Fig. 11-15
Railroad truss bridges (deck o5 throughy:
. Double track. ballast floor ‘ 200-400 Fig. 11-14
Double trach. open floor 200-400 ,  Fig. 11-15
Single truch. balias: flowr 200-400 Fig 11-18
Single wrach. open floar 200400 ' Figs. 11-15 and 11-16
Highwey girder bridges. :
4-lanc through 75-200 Figs. 11-17 and 11-18
4-lane deck 75-200 v Fige. 11-1% and 11-20
2-lane througl 75-200 o Figs. 11-18 and 11-20
2-lane dech ©75-200 ' Figs. 11-18 and 11-21
Railroad girder bridges:
Double track through. ballast floor 75-200 ' Figs. 11-18 and 11-20
Double track through. open floor + 75-200 ’ Figs. 11-19 and 11-21
Double ‘1rack deck. ballast floor 75-200 Fips. 11-18 and 11-20
Double track deck. open floor 75-200 - Figs. 11-18 and 11-2]
Single track through. ballast fleor 75-200 . Figs. 11-18 and 11-2]
Single track through. open floor 75-200 Figs. 11-19 and 11-22
Single track deck, ballast floor 75-200 Figs. 11-19 and 11-21

Single track deck, open floor

75-200 Figs. 11-19 and 1i-22

plex. A number of studies have shown, however,
that the major influences of thesé various param-
eters are taken into account adequately if simple
conventionalized Joading and resistance func-
tions for the structures are considered. ,
The isodamage curves presented in this
seclion may be used to predict the conditions
under which severe damage, as described in para-

graph 11-2, may be expected. These predictions'

are made as functions of yield, height of burst,
and horizontal 'distance.,_ to the target from
ground zero. ‘
Since -bridge vulnerability frequently is a
function of span, it will often be necessary to
interpolate between two ‘sets of isodamage
curves. For convenience. a reference list of iso-
damage curves for various types of bridges is
given in Table 114, )

11-1



- The significant structural parameters for

each building type were represented by mean
values of yield resistance. ductility factor. and
peried’ of vibration. The values of these param-
eters. which were given in Table 11-3. were bas-
ed on available structural data and judgment
from past experience.

The reasonableness of the damage levels
as porirayed by the isodamage curves contained
herein has been verified by comparison to over-
pressures corresponding to severe damage for a
number of actual buildings for which blast data
are available from Hiroshima and Nagasaki. field

tests. and more exact calculations. No com-
paruble datu are available with which 10 compare
the bridee results,

The 1sodamage cumves in Figures 11-2
through 11-23 are drawn for 50 percent proba-
bility of attaining severe damage to the structure
described in each figure. An estimate of the
scaled distance at which ‘there is a 50 percent
probability of attaining moderate damage to a
structure may be calculated by multiplying. the
distance obtained from the appropriate isodam-
age curve in Figures 11-2 through 11-23 by a
factor for the appropriate structure and yield
from Table 11-5. Where a factor of 1.0 is shown
for a particular combination of yield and struc-
ture type. the distance at which moderate dam-
age is expected to occur is expected to be less
than 10 percent different than the distance at
which severe damage is expected. Procedures for
calculating damage distances for other proba-
bilities of severe and moderate damage are pro-
vided in Appendix C.

The distance corresponding to 1 psi peak
overpressure (Section I, Chapter 2) should be
used as the distance corresponding to 50 percent
probability of light damage for all structures ex-
cept Structure 11-2 (blast resistant structure)

- and Structures 11}-14 through 11-24 (bridges).
Light damage 1s not pertinent to blast resistance
structures without windows. The distance corre-

11-12

sponding to about ] psi dynamic pressure (Sec-
tion 1. Chapter 2) should be used as the distance
corresponding 10 50 percent probability of light
damage to bridges.

11.6  Shallow Underground Bursts .

For verv shallow underground bursts, air
blast, as opposed to ground shock. is still the
primary cause of damage to surface structures.
For a given weapon yield, as the depth of burst
increases, the proportion of the energy released
to the atmosphere decreases. Therefore, the dis-
tance at which a given pressure level occurs on
the surface, and consequently the damage radius
for a particular type of structure. decreases. The
damage distances for surface bursts as given in
Figures 11-2 through 11-23 may be used also for
shallow underground bursts if the surface burst
distance is reduced for depth of burst in accor-
dance with Figure 11-24.

116 Ground Shock and Cratering @

The air blast from surface bursts or from
underground bursts buried with a depth of cover
of less than 35W!/ feet (for W in k1) may cause
severe damage to surface structures at ranges
where damage from ground shock and cratering
may be insignificant. Where the depth of burst is
greater than 35W'3 feet, ground shock may be-
come the controlling damage producing mech-
anism. The peak ground shock motions that may”’
be expected from surface and subsurface bursts
may ‘be inferred from the material presented in
Section IIl of Chapter 2, by using the expres-
sions therein for computing values of maximum
displacement, velocity, and acceleration of the
ground. The effects of the ground motions on
structures and equipment may be computed

- from response spectra which are developed from

the free-field ground motions, as described in
Section 1I. of this chapter for underground
structures. ‘



Teble 11-5, -Facto‘rs for Obtaining Distances Corresponding to 50 Percent Probability
of Moderate Damage 1o the Indicated Structure Type

Moderate Damage Fuctor for Indicated Yield

Structure 30 10 3 ] 300 100 30 10 3 ] 03 01 003 . 00!
Tyvpe M M: A M Kkt ket k1 K1 kt ke - ki kt kt ke
11- 2 12012 12 12 1 12 1: 13 13 13 - - - -
Ii- 3 1.2 12 120 13 1a 13 13 14 15 15 135 15 15 13
11- 4 13 13 12 13 13 13 13 13 13 130 13 15 1.3 1.3
11- % S WS D S VN e 1.2 12 12 12 131313 1.3 1.3
11- b 13 1: 153 130 13 1.2 13 132 14 15 13 15 1.5 1.8
1i- T T I e B S I B B e - -
13- & P P | 1.3 | TR S I S O - S - -
li- © i IS P P2 1.2 1.0 14 1S 18 1 - - -
11-1¢ IS P PR P I I R PR - - - - - -
11-11 1112 12 1213 14 13 16 16 16 - - - -
11-12 1% AR U TR W S Ac 13 13 14 - - - - - -
11-13 U0 S IS SRR 15 RN 0 RN B 12 13 14 15 15 - - -~ -
11-14 10 10 10 10 1.4 1.1 13 14 - - - - - -
11-15 10 10 10 10 10 L1 11 1Y o12 r2 - - - -
li-lo 10 10 10 10 10 1.1 1112 121 - - - -
11-17 10 10 10 11 1.1 - - - - - - - - -
11-18& 10 10 10 10 1.0 11 1.1 1 - - - - - -
11-19 10 10 16 10 10 10 11 1111 11 12 - - -
11-20 10 10 1.0 10 1.1 1.1 12 1.3 - - - - - -
11-21 1.0 1.0 10 10 10 100 10 11 1112 13 - - -
11-22 10 10 10 10 10 10 10 11 1] Lroon1d 1.2 1.2
11-23 14 14 13 13 13 13 153 13 120 12 120 0 . -

* These factors are 10 be applied to the appropriate scaled distance for the structure 1ype and yield as obt‘ained

from Figures 11-2 through 11-23 (see Problem-11-1).
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Problem 1%1-1 Calculation of Damage to Aboveground. Structures from an Airv Burst

Figures 11-2 through 11-23 are families
ot isodamage curves that show scaled distance at
which severe damage 1s expected to occur to the
various structures that are described in Tables
11-1 and 11-2 as a function of weapen vield and
height of burst. Data for vields not indicated
may be found by interpolation. Scaled distances
for moderate damage to the same structures may
be obtained by multipiving the scaled distances
of Figures 11-2 through 11-23 by the factors
shown in Table 11-5. ’ '

Scaling A sculed damage distance mav

¢ reuad dir‘ecﬂ} from the appropriate fHigure by
entering the figure with the scaled height of
burst and the appropriate yield.  The relation-
ships between 1he scaled height of burst and
actual height of burst and bewween the actual
ground distance and the scaled ground distance
are: :

wheré /1 and ¢ are the height of burst and dis-
tance from ground zero. respactively. for a viald
of W kt: and /i and d_ are the corresponding
scaled height of burst and distance for use with
- Figures 11-2 through 11-23. ’

Example F ‘ :
iven: A 30 Kt weapon burst at an alti-

tude of 1.865 feet.

Find

{a) The distance from ground zero at
which there is a 5C percent probability of severe
damage to a multistory (3 to ‘8 stories) rein-
forced concrete building with concrete walls and
a small window area.

(b) The distance from ground zerc at
which there is a 50 percent probability of mod-
erate damage to a multistory (up to 4 stories)

11-14

© burst is

. o=

wall bearing building of the monumental type.
Solution: :
(a} The corresponding scaled height of

I 1.865

. m = (30)”3: 600 fﬂE['_

From Figure 11-3. at a scaled height of burst of
600 feet and a vield of 30 kt. the scaled distance
at which there is a 50 percent probability of
severe damage to a multistory reinforced con-
crete building with concrete walls and a small
window area is | 280 feet.

{(by From Figure 11-5. at a scaled height
of burst of 600 feet and a yield of 30 kt. the
scaled distance at which there is a 50 percent
probability of severe damage 10 a muluisiory
wall bearing building of the monumental type is
1.415 feet. From Table 11-5. the factor to ob-
tain the scaled distance for moderate damage to
the same structure (structure type 11-5) for a 30
kt weapon is 1.2. The corresponding scaled dis-
tance for mederate damage is

It

d, {moderate) 1.2 x ds =12 X 1415

1.700 feet.

Aunswer!
(a) The actual ground distance for a 30 kit
weapon is

d

d, x (W)'? = 1,280 x (30)'3
3,980 feet. ’

(b) The actual ground distance for a 30 kt
weapon is

d (moderate) = d_ (moderate) x (W)}
1,700 x (30)}3 = 5,280 feet.



Reliabiin . Since both the free-field over-
pressure and dynamio pressure pulses were as-
sumed 10 be ideul. and since idealized loading
functions were used in constructing Figures 11-2
through 11-23. no precise estimate of the relia-
bility can be made for a specific situation. The
ratio of the distance at which severe damage will
occur to a particular structure 1o the distance at
which moderate damage will occur to the same
structure varies somewhat with height of burst.

Therefore. use of the factors from Table 11-5 10"
obtain moderate damage distances is an approxi-
mation. A better esumate of the distance at
which moderate damage will occur to a particu-
lar structure may be obtained by the methods
described in Appendix C. ‘

Relared Material: See paragraphs 11-2
through 11-4. Tables 11-1 and 11-5, and Figure
11-1. See also Section 1. Chapter 2. and
Appendix C.
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Problem 17-2 Calculation of Damage-Distance Reduction for Surface
Targets from Shallow Underground Bursts

The distance at which damage occurs to
surfave targets decreases for shallow under-
ground bursis” when compared to the damage
distance for surface bursts. even though air blast
remains the primaryv damage mechanism. The
amount of reduction of -the damage distance
mayv be obrtained from Figure 11-24. which
. presents data for a shallow subsurface 1 Kt burst.
The distance reduction obrained from Figure
11-24 is applicab]x 1o the isodamage curves of
Figures 11
muy be apphed 16 damage distances for POL
storage tanks (Figures 11-52 through 11-53) as
well as to the air blast damage distances for
parked aircraft (Chapter .13). military field
equipment {Chapter 14). and forest stands
(Chapter 15). The distance reductions derived
from Figure 11-24 are applied to the damage

" distance for a surface burst of the desired vield’

nd the appropriate target.

as follows:

where d, and /1, are the distance reduction and
depth of burst. respectively. for 1 kt:and d, and
#1 are the corresponding distance reduction and

depth of burst forgisld of ' kt.
q Examp!e@ L
- Given: A 123 Kt burst at a 50 foot depth.
Find: The distance at which there is a 50
percent probabilify of severe damage to a single
story heavy steel frame industrial building with

frangible walls and a 40 ton crane capacity.
Solution: The corresponding depth of burst

11-38

2 through 11-23, The reducuons also

Scaling. For vields other than ] k1. scale"

for 1 ktis

o= h_ = 30 _ 10 feet.

B3 125y
From Figure 11-24, the damage distance reduc-
tion produced by exploding a -1 Kkt weapon 10
feet underground is 90 feet. From Figure 11-8.
the scaled ground distance for severs damage to
this structure from a 125 kt surface burst is 940
feet. The actual damage distance for a 123 kt
surface burst is ‘ : '

d = 940 x (123)F7

d o x I

L]

4700 feet.

Answer. The corresponding distance reduc-
tion for a 125 kt weapon is
x W13 = 90.x (125"

dr =d1

450 feet.

fl

This value is subtracted from the surface burst
damage-distance to obtain the corrected distance
for the stated conditions

d = 4700 - 450 = 4.250 feer.

- Religbifiry: Figure 11-24 is based on dis-
tance reduction for overpressures as obtaingd on
futl-scale field tests: however the damage dis-
tance for a given target is subject to the uncer-
tainties described in Problem 11-1.

‘Related Marerial: See paragraph 11-5: also
see Figures 11-2 through 11-23, paragraph 13-9,-
paragraphs 14-7 through 14-9. and Figures 15- g
through 15- 34 .
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SECTIO\' I

DAMAGE TO BELOWGROUND
STRUCTURES ‘

This Scction presents data for evaluation
of the vulnerability of structures buried in soil
and rock The method of presentation differs
LOH'\]dEl’Sb]\ from that in the preceding section.
This difference results principally from the fact
that the structural types considered previoushy
are conventional surface strucrures designed 10
resist conventional. natural loads. whereas struc-
tural ryvpes considered here are designed 1o resist
the effects of nuclear weapons. Since the struc-
tures are desiened mtentionally for blast loads
and normally for a particular purpose. it is diffi-
cult to categorize them for a general phirpose or
as having a characteristic resistance to loading
which is rather narrowly banded as was done in
Section 1. ‘

The medium in which they -are Jocated
can be a major distuinguishing feature of protec-

tive structures. If they are buried in soil. the

structure must provide the resistance to load
completely. On the other hand, the rock sur

_rounding a tunnel possesses an inherent resis-

tance. Lining of the tunnel can confine the sur-
rounding rock to augment the strength of the
rock. or it canw provide protection te the tunnel
contents from the rock which has failed around
the Opening. Accordingly. this section is divided
into two parts: structures buried in soil, and
lined and unlined openings in rock. For the
structures buried in soil, there is an added divi-
sion depending upon whether the burial depth is
shallow or deep. Several structural configura-
tions are considered. with the primary break-
down being between shells, such as arches.
domes and silos. and rectarigular structures.
Figures and tables that define the resis-
tance of structural types are intended to present
the median level of the capacity of the structure.
That is. the structure is believed to-have an equal

11-40

¢hance of surviving or failing under the postu-
lated conditions resulting from the analysis. For
"3 pi-otective system. a survival probability in
excess of the 50 percent implied herein usually is
required. Methods given in Appendix C may be
used in conjunction with data given in this sec-
tion to define any desired survival probability.

Buried structures are located in a natural
medium. which is subject to the normal vaganes
of nature. The potential existence of unknown
conditions within the soil produces ambiguities
in the fundamental data that result in a rela-
tively large scatter among the direct measure=
ments. The data presented here have a generally
wide experimental background as a foundation.
but the variations within even a single experi-
ment can be much wider than the variations that
exist in tests of aboveground structures. Thus.
the confidence levels for buried structures. as
manifested by the corresponding standard de-
viations in Appendix C. are poorer than those
presented for surface structures,

Finally. the types and uses of buned
structures can be extremely broad. As aresult. a
detailed .method of analysis of selected struc-
tural configurations of a given resistance could
be presented. or a general method of analysis for
broad classes of structures could be provided.
The general analysis of broad classes of struc-
tures has the advantage of being more complete.
but simultaneously it is more complex. How-
ever. because detailed examples are presented
for each of the broad classes. the problem of
complexity has been largelv circumvented in the
following presentation.

B srructures BuRiED
IN SOIL

11-7 Definition of Burlal Conditions -

: Arches and domes that are buried in soil
are .separated into two primary groups: those
that are buried deeply and those that are at shal-



low depth~. The criteria defining these groups
are shown in Figure 11-23. A fundamental dis-
tinction 15 made between the burial conditions
on the basis of the amount of flexure which
probably develops as the blast wave envelops the
structure. Becauss it provides a more conserva-

tive result, the direction of air-shock. propaga- .
tion is assumed to be perpendicular to the long.

axis of the structure. When the depth of cover
over the crown H_ is less than 6 percent of the
span. flexure is important. When the depth is
such that the average cover over the entire strue-
ture H, s 25 percent of the span. flexure is
largely precluded by the resistance mobilized in
the soil. Figures.11-2¢ and 11-27 define the
average depths of burial for arches and domes.
Flexure becomes progréssively less important for
intermediate depths. proceeding from shallow to

 deep buried. An interpolation scheme is sug-
gested in paragraph 11-10 10 account for the
change in amount of flexure.

When the structure is located completely
of partially above the ground surface — whether
11 be an arch. dome. or reciangular structure —
with an extensive mound of earth covering it.
the classification of deep or shallow burial de-
pends upon the extent of the mound. The gen-
eral configuration is shown in Figure 11-28.
When the slopz of the mound. s, as shown in the
figure. 15 4 or more. the structure 15 considered
10 be buried. Whether such a structure is further
classified as being buried at a shallow or deep
depth depends additionally upon 4, and #, . with
the conditions defined in Figure 11-25 control-
ling the classification for arches and domes. For
rectangular structures. the amount of cover over
the roof is unimportant in terms of the struc-
tural action so long as the slope s is 4 or more.

11-8 Deeply Buried Structures -

Several major phenomena must be ac-
counted for in the evaluation of the vulnera-
bility of a buried structure. Among the more

irnportant phenomena are attenuation of air-
blast induced pressure with depth. arching of the
load from more deformable areas to less deform-
able ones, virtual mass. and the general struc-
tural configuration. Some of these depend main-
Iy on.the type of medium and are almost inde-
pendent of the structure. The situation is
reversed for others. Accordingly. the arrange-
ment of the figures in this section ranges from
the more general ones. which depend on the
medium or on quite general structural character-
istics. to quite specific ones which depend on
the details of the structural framing and me-
terial. The sequence provides a reasonable com-
promise. allowing the data to be used to analyze
a given structure or to define approximate struc-
tural dimensions,

& Pressure Atrenuation with Depth. The data
in Figure 11-29 depend on the properties
of the soil. which. in turn. define the at-
tenuation of vertical stress with depth. The
parameter $§ is merely the ratio of the side-
on overpressure p - to the nearly vertical -
component of stress p at depth H,, Once
p, is known for given conditions. approxi-
mate structural dimensions can be
evaluated.

-The influence of soil 1ype on pressure at-
tenuation is reflected in its effective seis-
mic velocity ¢ which is defined in terms
of the dvnamic constrained modulus of de-
formation A/ and the mass density of the
medium p. as

(p = '\NU/,O
The constrained modulus of deformation
M generally depends on the magnitude of
stress considered, and it must be evaluatec
for each site. For most soils, M is less than
the value obtained for elastic conditions:
consequentiy, c, frequently is less than

’ g 11-41
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the comentional seismic velocity deter-
mined by geophvsical exploration. This
O last difference generally is more pro-
-nounced for the large stresses encountered
in the design of underground structures,
Nevertheless. the conventional seismic ve-
locity determined by geophvsical methods
- may be used as a rough approximation of
the effective seismic velocity if more com-
plete datu are not available.

Damage Pressure Leve!l Damage pressure
level depends upon the general character-
1stics of the structure as defined by i1s
vield resistance ¢, . its natural period of

vibration 7 and its ductility factor g The .

damage pressure level is defined by Figure
11-30 where p, 1s the damage pressure
level or peak siress applied at the
structure-soil interface. and 1. is the effec-
tive duration of the Joading. For severe
damage. a dictility factor of 10 is recom-
mended. with a value of 3 being used for
moderate damage.

Arching Arching depends on the amount
of cover over the structure relative, to the
span L and on the relative deformability of
the structure and medium. Because arching
factors appear to depend more on degree
of damage than on structural configuration
or soil 1vpe. only two values are shown.
one for moderate and the other for severe
damage. The arching factor X from Figure
11-37] is multiplied by the vield resistance
g, to define the capacity of a given
structure. ‘

Effective Duration of Loading. Figure

11-32 defines the ratio of the effective
pulse duration 1, to the effective period of
the structure. Both Figures 11-32 and
11-34a and b use the several parameters
defined in Table 11-10 and Figire 11-33

to specify input data. For impuisive loads,

11-46

Figure 11-34a and b provide a direct solu-
tion for the side-on overpressure P for
moderate and severe damage. respectively.
once the capacity ay X of the structure is
determined.

Yield Resistance of Structure. Figures
11-35 -through 11-42 pgive the vield resis-
tarice of particular structural confieura-
tions. For example. Figure 11-35. in con-

-junction with Figures 11-35a2 and 11-35b

defines. the yield resistance g of deeply
buried. horizontal. reinforced-concrete
arches or of deeply ‘buried. horizontal. .
reinforced-concrete cvlinders of radius r
and average depth of cover H, _ for the top
half of the cylinder. Similarly Figure 11-35
provides an approximate definition of the
resistance of a reinforced-concrete capsule
consisting of a right circular cvlinder cap-
ped with hemispherical ends of thickness
equal to that of the cylinder. The correc-
tion factor in Figure 11-35b is multiplied
by the resistance q, from Figure 11-35
when the properties of the section differ
from those in the basic graph.

For some structutes, particularly steel or
aluminum arches. domes. or silos at shal-
low depths. buckling may develop under
the dyvnamic loading. However, thesz cases
are relatively rare. and it is sufficient only
to mention the possibility. '

I’err’ica? Silos and Walls. The horizontal

_component of stress p, at a point below

the surface of the soil normally differs
from the vertical component as defined by
Table 11-6. Consequently, it generally will

'be necessary to convert the peak applied

stress p, as determined for a given vertical
silo or wall to a vertical component of
stress p, by dividing by K_ from Table
11-6 before applying the attenuation fac-
tor § from Figure 11-29. '



. .

An additional complication arises for vertl- .

cul siJos in that the dead-load stress de-
pends upon the equivalent angle of inter-
nal friction of the surrounding soil as
indicated by Figure 11-43 In conjunction
with Table 11-7. An estimate of the hori-
zontal dead load 1s determined directly
from Figure 11-42 as modified by Table
11-7. However. since Figures 11-35 and
11-36 are constructed with curves para-
metric In A, . i1 1s necessary to convert p,
from Figure 11-43 to an equivalent average
cover by dividing Py by

120 b1t _ y

3T = 0.8 psi/ft,
the assumed unit weight of soil, With this
equivalent #, Figure 11-35 or 11-36 can
be used directly to determine the capacity
of a vertical silo.

Near the surface. at depths above those
that are comparable to the structural diam-
eter, it i1s necessary to provide additional
strength in a vertical silo to resist the in-
evitable nonuniform load that develops as
the air shock envelops the structure.
Normally. the peak value of this nonuni-
form Joad is taken equal to about one-half
of the peak side-on overpressure at the
ground surface. diminishing linearly to
zero at a depth equal to the silo diameter.
and lasting for the time of transit across
the structure. This nonuniform load is as-

sumed to have the form of two complete

sine waves around the circumference.
Analysis for this nonuniform loading can

be accomplished by tnethods discussed be-

low for structures buried at shallow
depths.

The structure also must have sufficient
- strength in the vertical direction to with-
stand a sizable' skin friction force. Gen-

o

erally this force does not control the di-
mensions of the wall. but special reinforce-
ment may be required to resist the forces.

Srructural Dimensions (“Design™J. 1t is

possible to determine approximate dimen-

sions of a structure directly by following

these general steps in conjunction with the

figures and tables described previously:

(1) From the given' p . # . and It" and
an estimate of ¢_ for a given site. find
B from Figure 11-29. '

(2) Calculate p_ =p, /B

(3) Find 14 /T from Figure 11-32 in con-

junction with Table 11-10 and Figure
11-33.

(4} Find p, /q),X from Figure 11-30 or
g, X from Figures 11-34s or b. de-
pending on the value of 7, 'T.

{§) Find X from Figure 11-31

(61 Calculate g, .

(7) Find the approximate structural di-
mensions from the appropriate fig-
ure (11-35 through 11-42) modified
by Table 11-6 and/or by Figure 11-43
if appropriate. ‘ '

Vulnerabiliry Evaluation (“Analvsis’)
“Analysis” of a structure is not quite so
straightforward. because the side-on over-
pressure at the surface generally is needed
in intermediate steps. Since this overpres-'
sure frequently is the answer desired. a
trial and error process is required: an over-
pressure Is assumed and the steps below are
followed to find a new overpressure. The
steps are:

(1) From given structural dimensions.
find q, from the appropriate figure
(11-35 through 11-42) modified by
Table 11-6 and/or by Figure 1143 if
appropriate.

(2) Find X from Figure 11-31.
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CR0ASSUMY g7 and find 147 from Fig-

ure 11-32 1n conmmuon with Table
-10and Frgure 11-33.

t4v Find pyog, Y frdm Figure 11-30 or

P, from Figures 11-34a2 or b. de-

pending on the vajue of 1, /T. If either

Figure ]1-343 or 11-34b is used. com-
pare p . with that assumed in step
(31 repeat step (3) as required.

(5 Compule p, if Figure 11-30 is appli-
cable

(61 Find ¢ from Figure | 1.29 if Figure

‘ 11-30 is used in step (41

(71 Caleulate p = pop, and compare with
thut assumed in step (31, Repeat steps
(3) through (71 as requirad,

® Jliustrarive Examples. These general proce-
dures for “design™ and “analysis™ are illus-

trated in Problems 14-3 and 11-4. respec-

tively.

11-9 Structures Buried at
Shaliow Depths

Evaluation of the vulnerability of struc-

tures at shallow depths is complicated by the
requirement for superposition of flexure and di-
rect or hoop compression. In the case of deeply
buried structures only direct stress was consider-
ed as effective for shell structures. such as
arches: only flexure was considered effective for
reglaneoular elements.

Because the figures and tables described
earlier are restricted either to direc¢t stress or to
flexure. they may be used 1o define basic param-

eters required in the analysis of structures that -

are buried at shallow depths. For example. from
Figure 11-35, the resistance to pure thrust is de-
fined directly for a reinforced concrete arch of
thickness D Figure 11-38 defines dlrectl\ the
resistance lo pure {lexure of a one-way slab of
span b and thickness D_. Thus. if the span &_ is

appropriately defined, Figures 11-35 and 11-38
define key input parameters for entering an

11-48

interaction diagram such as Figure 11-44, In this
diagram PU. the total capacity under pure thrust.
is proportional to g, as determined from Figure
I1-35. and M. the total capacity under pure ‘
bending. is proportional to q,. as determined
from Figure 11-38. If the corresponding numera-
tors P and M. respectively. are defined properly.
the necessary conditions are available to use
Figure 11-44. ‘ '

” Actual solution for an arch buried at
shallow depth involves a trial and error process.
Whether “analysis™ or ‘“design’” is involved. the
first step requires knowledge of the structural
dimensions. From the known properties of the
structure. the resistance to thrust alone is found
from Figure 11-35 in conjunction with Figures
"11-352 and 11-35b. The resistance to flexure
alone is found from Figure 11-38. assuming a
span b, equal 10 one-half the developed length
of the arch )
P The loading which produces the thrust is
the vertical component of the stress in the me-
dium p,. Since by definition of shallow burial
the structure is just below the surface, attenu-
ation with depth can be ignored, and p, can be
taken equal to-a given or assumed value of Py
The appropriate effective duration is found from
 Figures 11-32. Table 11-10. and Figure 11-33. In
turn. the required ¢, for this loading alone is
found from Figure 11-30 or 11-34a or b. The
ratio of this q, to the one found above frorn'
F;gure 11-35 is: equnalenl to the ratio P/P
Figure 11-44,
The loading which is assumed to pro-
uce tlexure may be taken as one-half of the
given or assumed value of peak side-on over-
pressure. This loading is effective only during
the time of transit across the structure; thus, its
duration is L/U where U is the air-shock velocity
(see paragraph 2-15. Chapter 2). I the quantity

" 10 ft U
L 1,000 fps

‘ —



18 Usodd matead of the values of 4 obtained from
Toble 11100 this value of 4 may be used in Fig-

ure 11-32 1 nd the appropriate 7, 7. With this

valuv. the required ¢ fer this Joading alone 1s
found from Figure 11-30 or Figure 11-34a or b.
The ratio of this ¢, to the one found above
from Figure 11-3% 1s equivalent to the ratio
.‘1]-;1]},\ i Figure 11-44. ’

-\\“ith the values of PP, and ;1!-’.1lp now
nown. Fioure 11-44 i< entered to determine if

the assumed pr 1 valid.for a problem in “de-
Csign.” 1T the assumed value is not adequate m
either situation. the process is repeated making
naw assumpiions as indicated by the solution.
‘ The case qust discussad is the more com-
P iciled of thowe whivh might be encountered.
The other cusy of pronary mterest concerns the
donie at shuliow depth. For this vy pe of struv-
~ture. the floxure. which has a duration-and muag-
nitude as noted above tor the arch. is carried by
membrane action in a2 manner similur to the
thrust produced by the uniform toad. Thus. the
interaction diagram of Figure 11-44 is not appli-
cable. The thrust praduced by the uniform com-
ponant of ioad 1s carried in the same fashion as
that for u deeph Duried dome. The thrust
caused by flexure is carried by membrane action
with the induced stress being approximately
twice that produced by the uniform radial pres-
sure of the sume peuk intensitv. Thus. Figure
11-37. for exumple. can be used to define this
“flexural thrust™ by multipling the result from
this figure teither ¢, or D_/r since theyv are es-
sentially propertionult by 2. The thickness of
the shallow-buried dome must be sufficient to
withstand both induced thrusts simultaneously.
The procedures for analvzing the vulner-
1y of structures buniad at shallow depths are
illustrated in Problems 11-5and 11-6.

11-10 Intermediate_Depths

of Burial

- When a structure is buried at depths

intermediate between shallow and deep. it 1s sul-
fictent to find its capacity at either extreme and
to interpolate linearly between the overpressures
at either extrenie using the average depth of
cover A, as the interpolation parameter. '

9 LINED AND UNLINED
ENINGS IN ROCK

- Several axial}'tic solutions are available
that give stresses around a cylindnical opening i
an elastic medium when it is engulfed by a stress
wave. In addition. experimental dara from twe
major field experiments in rock are available.
Correlation of analvtic and experimental results
is difficult. primarily because of the simplifyving
assumptions in the analvtic solution that the
medium is linearly elastic. homogeneous. and
isotropic. Rock. in place. does not meet these
requirements. In addition. it is very difficult to
assign 4 specific strength to the natural rock. In
fact. the strength probably varies with distance
from the opening and with the size of the open-
ing relative to the average joint spacing around
the opening. For these reasons. the vulnerability
evaluations described in succ¢eeding paragraphs
are’ based primarily upon the experimental data.
with the analvtic work. tempered with judg-
ment. being used to extrapolate the basic data to
other ranges. rock types. and structural sizes'and
shapes. Alntost all the basic data were obtained

' for openings that were circular cvlinders in a

granite medium. Actual structures in rock would
be placed in openings that arc as near circular as
possible. because this shape provides the smaliest
theoretical stress concentration. Therefore, only
openings that are e'ssenlial]y circular will be
considered. -

The limitation of the material presented
should be kept in mind. The basic data were
obtained for several different structurzl con-
figurations. but there were only two  weapon
vields, a limited number of ranges from the
burst point, and only one site. It is known that
the particular “site conditions will affect the
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strengily o openie aven i the same tvpe of

medivanic wad thrs has been taken into account

byoconsidering the site 1o be average in jointing.

fudlung, wid rock strength. A< in the preceding

sections, the probabihiny of the stated damage 1s
30 percent.

One of the grzatest uncertainties in using
the eXperimental date arises from the fact that
the energy source in the specific experiments
was deeply buried. and the relative release of

Cenerzy by deeply buried bursis and surface
bursts 1< net understood completely. The recom-
mendations in this section apply 10 a contact
surface burst. and ' thy energy assnctated with the
surfuce burst v wken 1o be 003 of the toul
eneres in the underaround burst.

High stresses in some regions around the
opeinng may cause rock crushing that would re-
sult in a redistribution of stress in the vicinity.
but the dumage may not be sufficient to impair
the use of the opening: this may be particulerly
true if this possibility is recognized and provi-
sion is made 1o accommodate the extra rock
volume resulting from the crushing. Dead-load
stresses from the rock overburden are normally
considered in the stress-distribution evaluation
around ur opening m rock. Tectonic forges

occur in most rock masses. but their magnitude

~and direction is so uncertain that the inchusion
of these effects is impracticual.

In view of the many uncertainties. it is
impossible to assign a single renga o a particulur
damage level for a given structure in a given
medium, Therefore. lower and upper limits have
been set in each case. which. it is believed. wil]

+ bound the condition for any particular problem.

By examining the conditions at a given site in
those cases where sufficient information is avail-
able. it should be possible to determine whether
the structural vulnerability should he toward the
~upper or lower bound. Also. for average condi-
tions. the end of the range corresponding to the

largest distances from the detonation can gen-
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erally be considered to apply to multiple attack
conditions. For attacks that are directly over-'
head. the required range should be added to-the
depth of crater obtained in the first attack to
give the necessary range for survival from multi-
ple attacks. This crater depth mayv be obtained
from Section 11. Chapter 2. -
The tables and the figure provided to
estimate damage to structures buried in rock

- should not be extrapolated below approximately

20 kt since the mechanism of damage for smaller
vield weapons involves such small vulnerabiliny
radii that the mechanism of damage is changed
considerably from that assumed. and a direct hit
1s required to inflict any significant damacze.

11-11 " Definition of 1Damage
to Openings in Rock

- Neer the detonation on a rock surfuce
the material will be crushed and rearranced
rather violently.. However, some radius will be
reached past which there will be little visible
dumage to the rock even though it has been sub-
jected to rather high stresses. since it is com-
pletely contained and the strength is thus in-
creased. In the zone where there 15 crushing of
rock. it is pr'obablel.that no practical structure
can be built to prevent the collapse of an open-
inz. However, in the region outside the zone of
crushing it is possible to strengthen an opening
with a structural lining. The damage to the tun-
nel or size of weapon required to inflict damage
then depends upon the strength of the lining and
the depth of the tunnel. since the stress wave
intensity diminishes with depth. The choice of
depth then becomes an economic one in which
the added cost of greater depth must be balanc-
ed against the reduced cost of the requirement
for weaker and consequently less expensive
structural liners.

Damage to unlined openings directly

“outsiae the zone of crushing would consist of

complete closure of the opening. by rock that
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d. Whenever the tension exceeds the com-
n locallv by an amount equal to the uli-
ensife strength of the rock. a spall can
A spall having u depth a'ppro‘ximatel}'
than the radius of the opzning will not

bz able to dislodege and {1y into the tunnel,

ﬂ Bocanse of jointing and faulis in the
rock there is a tendency for loose rocks 10 be,

dislodg
o7 dun
clently
vioush

ed and 10 drop inté the tunnel. This type
wege will be present so Jong as a suffi-
large opaning is created to allow a pre-
loosened rock to drop. The amount and

size of rock thut drops into the opening will
depend on the amount of disturbance of the
¢+ trock and would therefore be maximum near the

detona

tion and smaller with increased distance.

This damage would extend out 1o a greater dis-

tance than either of the previous two tvpes of

damage discussed. Rocks which result from this
mechanism of failure can be distinguished from
the spalls discussed above because they drop by

gravity

while the spalls have an initial velocity.

11.12 Types of Tunne! Linings -

Twe differeént general approaches have

been taken in the construction of tunnel hinings.
These techniques are described separately as
follows., . ‘ o

® [uicgial Linings. A lining may be con-

structed 'in" contact with the ‘rock face

and with sufficient strength to confine the

rock in the radial direction and therebs

strengthen-it in the hoop direction. which

is the direction of highest stress. The type

of lining designed intentionally 1o confiw

the surrounding rock lends protection

from all three types of damage (closure.
spalling. and rock dropst. The lining mun

be constructed of remforced concrete cust

aguinst the rock. steel Hinings with conerets
placed behind them. or 4 lavered combinu-
tion of steel and concrete. ,

Rock bolts around the opening designed to
provide a radial force on the opening face
may act in the same general wuy as an in-

- tegral lining but the radial stress developed
- by rock belts is generally much less than

that developed by an integral lining.

Linings with Packing A lining may be
built with o cavitl between the Iming and
the rock. which is filied with a highly de-
formable material. This procedure has the
advantage that local crushing and partial
failure of the rock can occur around the
opening with the resulting volume increase
of rock being absorbed by deformation of
the packing. which is chosen to have
elasto-plastic  stress-strain characteristics.
The packing also tends to smooth the pres-
sure on the outside of the lining and to
limit its magnitude until the elasto-plastic
capacity- of the material is exceeded. If a
fairlv general crushing failure around the
opening is allowed 10 develop. it has been
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tound  that o hining surrounded with 2
ruther thick packing cun be kept open at

much closer radn relauve 1o the point of

burst thun can 8 practical integral liner.
The rudiul confimement of the rock by the
packing matenal is rather insignificant in

this case. and 1t 18 not consideréd 1 the

design. The primary design considerations
are the umount of .crushing that will occur
v the vicimiy of the opening. the increas
in volume of the rock that wil] occur upen
crushing. and the amount of packing that
must be provided o absorb this volume
change. .
If a tunnel is sufficiently fur below the sur-
Tace thet the stressfeve] in w wave thet can
reach 1115 very smull. or the protection
Llevel required gs not great. it muy only be
necessury 1o protect against damage by
~dropping of rocks. This may be done by
linmg the opening with woven wire fence
and rock bolting this fence 1o the wall
Such a svstem can be made fairly strong if

“a sufficient number of roch bolis are used.

Another possibility 15 10 use steel sets and

umber lagging similur 1o those used in con-

ventional mining practice. The basis of de-

sien for this type of protection consists

mainly of experience and the competency
~of the rock mass. |

‘11-13  Procedures for Tunnel

Vulnerability Evaluation -

- Table 11-§ describes tunnels with severul
vpes of linings in granite. Estimated ranges be- .

~vond which survival will eccur after a 1 Mt sur-
face burst are also shown. The linings considered
include a special composite hning for survival at
very close distances. a composite lining similar
to that for which experience is available from
Operations HARD HAT and PILE DRIVER. 5
modified composite lining to permit somewhat
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smaller openings to be used. a special integral
liming. and an ordinary integral hining generallv
of concrete placed directly against the rock. a

-section with rock bolts and mesh only. and. fi-

nally. an unlined section with a thin gunite coat-
ing over the interior of the tunnel. The slant
ranges for survival of these various linings are
given for granite with a seismic velocity of about
18.000 f1-sec. ‘ :

For depths less than the siant ranges
shown in Table 11-8. a horizontal distance is
implied that will give the proper slant range for
survival. 1t is likely that the survivability ranges

“of structures very near the surface mayv be less

than those that correspond to the slant ranges
shown in Table 11-8 as a result of the direct
transmitted motion alone. However. because of
a lack of data. and other effects which must be
taken into account. it 18 recommended that the
same distances be uszd for horizontal ranges for
relatively shallow tunnels. Table 11-8 can be
used to estimate the ranges for vulnerability of
various tyvpes of liners by comparing a design
with the typical designs given in the table and by
interpolating between the designs.’

- It is believed to be possible for a tunnel
to survive at a range as small as 600 to 700 feet

from.a I Mt explosion with a very expensive

. tyvpe of lining construction for relatively smuall

diameters. whereas the range might be as large as
1.600 to 1.800 feet if the tunnel is completely
unlined. with the stipulation that survivability is
assured only if no local rock fajlure occurs.
Hence. estimates of tunne!l vulnerability can be
made - directly for various depths of cover and
corresponding ranges provided that the system
vulnerability can be properly placed relative to

-those given in Table 11-8 and that the local rock

conditions can be assessed relative 1o average
rock conditions as used in the table. This can be
done as discussed in the following paragraphs.



- The tree-field stress that can be tolerated
1 (0 area of & protective structure in rock de-
pends upon: the average closure of the opening

thut can bg tolerated by the structure contained
withni the rock opening: the “effective™ stiff-

ness. or Young's modulus, of ‘the jointed

medium: and the strength parameters of the
jointed rock mass. The free field stress also will
be a function of the range. vield. and medium in
whicli the detonation takes place. All of the
above factors will determine the range from u
given explosion at which various types of struc-
tural configurations can survive i a rock mass.
Each of the factors will be discussed separately.
and ¢ procedurs 10 arrive at a given design will
be suggested. It iz bevond the scope of this
manual 1o provide complete quantitative data
for the design of structural confizuration that
will survive in a rock mass. Theretore. the fol-
lowing discussion will merely outline the proced-
ures. For more detail. the users of the manual
should consult the references that are cited. Esti-
mates of the vulnerability of such structures
may be obtained from Table 11-8. as described
in the preceding paragraph. or from Figure
11-45 as described below. :
® Tolerable clusure for a given rock opening.
The average closure of an opening is ex-
pressed by the diametrical strain across the
opening Ar'r. where » js the radius of the
opening. The diametrical strain is equal to
the circumferential strain. €g. ot the edge
of the opening. For back packed struc-
tures. the tolerable change in radius &r isa
function of the thuckness of back packing
and the locking strain in the back packing.
In the case of integral structural linings the
permissible deformations are smaller and
are a function of the type of lining. For
example. the limiting circumferential
strain. €g. for a concrete liner may be
0.003 and the limiting strain. €g. for a
stiffened steel integral lining might be

0.01.
® ‘‘Effective Stiftness.” The “effective’ stift-
ness of a jointed mass is a function of both
the “intact” rock properties and the spac-
ing and character of the discontinuities. A
method for. selecting the deformation
- modulus of a rock mass has been given by
Deere. Hendron. Patton and Cording (sev
bibliographv). By this method the rock
quality of the rock mass must first be as-
sessed quantitatively in terms of the Rock
Quaiity  Designation (RQD) or the Ve-
locity Ratio (see Deere. e1 al.. bibliog-
raphy). After the rock quality has been -
determined. the reduction factor. which is
the ratio of the deformation modulus. £ .
10 the dynamic value of Young's modulus.
E ., (Which is calculated from F wave ve-
locities measured in seismic survevs), is
determined as tollows:

E

7 L =0.14. for 0 < ROD < 0.69.
seic

E"' =277ROD-1.77.for 0.69 < ROD < 1.
seis o

If the RQD of the rock mass. and the
Young's modulus from intact rock cores.
E e 8TC known. the reduction factor
E/E .. may be determined approxi-
mately from .

ET
E

core

= 2.06 RQD - 1.23.

Once either reduction factor has been
determined. £ may be determined from
the product of the RQD and either £
or £ .

core

& Strength of a jointed rock mass. The

seis
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strenetl of goomted dmass surrounding

el can by given by

where ¢, and o, are the myjor and minor

}
principul stresses at failure. @, is the “ef-
fective™ uncantined strength of a jointed

rock muass. and

The angle ¢ is defined as the angle of

shearing resistunce dlong the plan

Ctmuities 1 the tock mass. I should be not-

along the discon-
tinuitios Is s]ﬂmin.mll\ lower than the
value of 'y that would be derived from 1tri-
axial tests on intudt sumplcs of rock. The
value of the unconfined combressiw
strength of the rock muss. o 152 function
of the ratie of tunnel dmmter to joint

ed thut the vualue of

spacing as iliustrated below, where

and

< 6,, = fiD!S).

ul

ar discon-

ag

The larger the ratio of tunnel diameter 10’
joint spacing. DS, the smaller the value of-
o, appropriate for design. If D/S is venv
small. the value of o, can approach the
unconhned strength. qu. of intact samples
of the rock surrounding the tunnel. Simi-
farly. if D/§ 1s very large. ¢ approaches
zero and the shear strength of the rock
mass approaches the shear strenﬂth a]onﬂ
the joints. The relationship betw een a, ; |
and /S is

o .
= 0.08) 2 41
] s
Thus. if g and the ratio D°S are known. a

value may be selected for o for-des;g11.
Step-by-step method of determining vul-
nerabiliry. (1) The following expression
can be derived from the relations between
radial strain and velocity. acceleration.
or displacement given in paragraph 2-64.
Chapter 2. and the separate relations given
in the same paragraph for radial accelera-
tion. velocity. and displacement:

- =0.0015 u(\m“(] 0)20)"

'(E)"ﬁ (18.000)"3
v/ \Te,

where. as in Chapter 2. ¢_is the free-field
radial strain. R is the radial distance in
feet, vy is the unit weight of the medium in
pounds per cubic foot, ¢_ is the seismic
velocity of the medium.

(2) Calculate the free-field stress. o,

(1 - vy
- f3 .
° (E') () ((1 T (- zvr)

)



where F v the “effective”™ Young's
modulus of the romted medium. and v 18
Poissons” Rativ, Normually v muyv be taken
10 be 0.3, 50

{3) Use the value of the free-field stress.
o, . and the properties ol' the rock mass.
E . v o .and N, to perform an elastic-
plastic analvsis (see Hendron and Aiger
(1971) or Newmark (19691 in bibliog-
raphy T 10 determme the circumferential
strain €4 in the rock at the bounduary of
the roc']\-mrm-s_l surfuce. Note that €g =
Aryo where r is the radius o the rock sur-
T‘;JC'.‘:

(4) Compare this strain 1o.the strain which
can be tolerated by the structural system
-inside the rock opening.

The availuble information on the maxi-
mum ranges at which the types of dumage dis-
cussed in paragraph 11-11 occur in granite and
shale 1s shown in Figure 11-45 Also shown on

this figure are the runges iy which the various

tvpes of linmes discussed 1 this section could be
used and could be constructed to survive at the
scaled runges shown. At smualler scaled ranges
thun those shown, ivis believed that the installa-
tion waould no longer beable to function. This
figure shows the wide vuariation in the com-
petency of nutural deposits ol rock. though one
would expect a protectne system to be placed in
a rock with propertuies which lie toward the
upper part of the range. Also. the effect of rock
strength on the scaled range bevond which sur-
vival can occur can be seen from this figure. The
steepness of the curve is also of particular note,
Granite and shale were chosen for this figure as
representative of a strong and a relatively weak
rock. respectiveiy. These procedures are illustrat-

rock are generally a

ed in Problem 8-7.

11-14  Vuinerability Evaluation of
Surface Silos in Rock -

The comments made in the preceding
araeraphs concerning deeply buried tunneis m
paragrap 3

licable to surface silos In

the three types of damage

linings discussed in

Therefore. it is rec-
ommended thal the same vuinerability distances
given in Table 11-8 be used for horizontal ranges
for vertical silos or other openings with linings
that are similar to those in Table 11-8. A sum-

" mary of the effects on surface silos designed for

various kinds of lining is shown in Table 11-9. In
addition. Figure 11-45 can be used to obtain the
approximate scaled ranges for which various
types of damage will occur.
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cussed in paragraph 11-11 still occur. and the
aragraph 11-12 act in the =



Table _11-6.. Rauio of Horizonta! 10 Vertical ‘Soil Pressures, Ko .

" Kq. For Stresses up to 1.000 psi

Dynimic _ . Static

Condivlon oi Sar : Undramned Undrained Drained

Cohestofiess soie, damp o1 dn 14 ‘ 1 3-dense : 1 3-dense
‘ 1 2-loose 1. 2-loose

Unsaturuted coliesive seiis of
cvery ST te herd consistency B B Lz : 12
Unsaturuted cohesive soils ur
medium 10 sl consistency ‘ 1Y .2 12
Unseturated cohesive suils of . ‘
suft consistena 54 1'2 10 54 1210 3
Saturated soils of very sofl v
hard consistenes and cohesion-
less soils ' . 1 ' ! -stiff

172
37d-s0ft
Saturated soils of hard con-

sistency. g, = 4 ons sq 11t

20 tons sg 17 _ 34wl - 1 ‘ 12
Saturated sofls or very hard

consistency. g, > 20 tons sq 1t 34 ) 1 _ » 12
Rock ' Obtwsinr from tests on rock cores and correlate

with seismic data.

. q, = ulumate bearing capacily. ' B
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Table 1’1-7,- Equivalent Friction Angles for
Nongranular Cohesive Soils

¢

Average Lnconfined

Consme.nc,\ . , Compressive Strength Equivalent*

" oi - Sal! ttons per sg 1) z Ten ¢ (1) .
Ven sul‘!r . } ' 015 - ' - 12

Soft - 0.40 3.3
Medium ' - . 0.75 6.2

Sufi _ R 1.50 ‘ : 12.5

Very stily : , 13.00 i | ‘ 230

* . ) ~ ’ . .
. Determine & from these valuesto enter Figure 11-43.1f value of & thus determined
. - A . . 4
isTess than 253 ,use 2570 if more than 457, use 4587,

Atter "2 Tan ¢ from the tabulation above has been divided by the depth from the
ground surface z 18 obramn “Tan .7 the value of the equivalent friction angle ¢ may
be determined from the following curve: ‘

50

30 P : /

AN

|

20 emaw——"

02 04 06 08 10 1.2
‘ Tan O '
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- Table 11-8_. Typical Tunnel Design Conceﬁts '

Deleted
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Problem 11-3 Calculation of the Thickness for a Deeply Buried Reinforced Concrete Dome

Figures 11-29 through 11-43 and Tables L_ {10y Cm ‘
li-6. 11-7. and 11-10 provide the information v y ) (I.OOO fps
necessary 1o determine approximate di‘mensions ~ 700
of « deeply buried structure that will withstand o= (;—O) (m) =09
a prescnbed level of damage from a specified ) ‘ ‘
threat. ‘ ' : ‘where ¢, = 2.700 fps for a concrete.

Example ‘ dome (Table 11-10).

Given: A deeply buried hemispherical dome.
r = 30 feet. with o required span L = 60 feet. in o
soil having u_seismi;‘ velucity = I.»OOO fps. Thg L= My (M) o
average depthi of cover. A L ds 20 feet (if M is - P..
not provided. on estimaeie moey be obtained from ] 100\
ioure 11-250 ‘ = — ||l === = 2

Figure 11-2%) : 0.9 (1 )(I.OOO) 0.12.

Find Therequired thickness of the structure
that will allow 1t 1o sustuin no more than moder-

. . “is.determined to enter Figure 11-32:
ate damuage from o } Mrburst at o distance where 7 SF

12>

the peak s'idﬁe-cn} overpressure. p . is 1.000 psi B H, L V31,000 fps\ Pee
at the surface of the ground. T T\370 A AWM —<, /\100 psi
Solurion: The solution follows the step-by- 7 AN ‘ ‘ P ps
step procedure given in parseraph }1-8. Struc- _{20\1° {1000\ /1.000\ 2 =017
tura] Dimensions (“Design’™). - : 370741 A1.O00/\ 100 / o
Step (1) ' : o - L
o _ From Figure 11-32 1,7 > 3. theretore
- 13 S g A =1 '
o (Hg\ (11)) ( 1 ) 1.000 fps Py q.\“
ERNEFTRTIV RN IEAV Y ¢, (Ips] oo Step 4y ,
. : pd ' -
_ (20 V[ 1\ /1.000N _ - ‘ ., —=.= 1 from the preceding siep.
(370)( ] )(1.000) 0.054 q, A |
' 7 , Step (51 ‘ ‘
From Figure 11-29. for o« = .05 and .
P, = 1.000. g = I.i. and it does not H a0
depend on p - very markadly. T "o - 033
Step (2): ,
, - From Figure 11-31 X = 1.0.
pso 1.000 . ISIE.‘ (6} '
=-~—— = ———= 900 psi. p o)
Py N 1.1 psi
o o Pa. P ) (Mod D
Step (3): I qu = Q,-”J 7, = oderate amage)._
From Table 1 1-10 v for arches and domes ‘ .
is : Therefore
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- : v, =7, =900 ps.

Siep (7). , ,
From Ficure 11-37.D -+ =0.097.
Awnswer The required tinckness of the hemi-
spherical dome that will allow it to withstand the
prescribed environment is

D_ = 0.097r = 0.097 x 30 = 29 feet.

This answer applies to uverage properties of the

- also Sections 1 and 11 of Chapter 2.

-materials. i.e.. the ratio of total steel in one di-

rection to the effective concrete area.p = 0.005.
the static compressive strength. /" = 4.000 psi.
and the static yield strength of the steel. 1=
40.000 psi. The resistance. f, . should be cor-
rected by factors obtained from Figure 11-370
before entering Figure 11-37 if the material hu-
properties that differ from the average.

Related Material: See paragraph 11-8. Sce

-
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Problem 11-4 Calculation of the Vu]nerability of the Roof of a Deeply .Buried,
Reinforced Concrete Rectangular Structure ‘

Figures 11-29 through 11-43 and Tables
1t-6. 11-7. and 11-10 provide the information
necessary  to determineg the vulnerability of 4
deeply buried structure. As pointed out in para-
graph 11-8. these analyses must be performed by
a trig! and error process as demonstrated in the

~ following example

Lxample

"Given: A rectangular. reinforced concrete
structure that is burnied undesr 5 feet of earth

cover. The roof Is ¢ one=wuy slab. and the thick-

ness of the supporting wills 15 such that contin-
uity is negligible, even though much of the rein-
forcement 1s carned from the roof 10 the walls.

- Other pertinent dute concerning the structure’

and the medrum are:
Clear spun. &_= 20 feet
Roof thickness. D_=4 fext
Steel reinforcement ratio. p, = 0.012
(i.e.. 1.2 percent)
Yield strength of reinforcement.
f. =60.000 psi.

Effective seismic velocity of the medium. .

¢ =2.500 fi'sec.

Find: 'ﬁ‘he side-on overpressure at the surface
resulting from the explosion of a 50 kt weapon
that will cause severe damage 1o the roof of the
structure. ’ ‘

Solurion: The solution follows the step-by-
step procedure given in paragraph 11-8 for Vul-
nerability Evaluation (*"Analysis™).

Step (1):

D
b

4.
£ = ﬁ= 0.2

5 -

Py f}_. = 0.012 x 60.000 = 720 psi.
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From Figure" 11-38.
q, = 440 psi

FOR RESTRAINED EDGES: since this
structure has simple support this value
must be reduced by one-half (see note in
insert of Figure 11-38). '

Therefore.

g = 0.5 » 440 = 220 psi.

1A

Step (2):
H 5
F A Y
I ~20° 9%
From Figure 11-3],
X =10

,'Step (3):

Assume p = 200 psi.

The following relationships are obtained
from Table 11-10:

=00
v

for one-way slabs.
H,, < L; therefore,
H
S A
D= 0.8 (4 )— 1.0.

c

I'' =08




'

| —= 005 T A
A:=\U'_E
c=1.0
= OOOfp\

r:=O::‘Dc \.’? 0.2x4x VT2 =086

I\ .68 x 12.000 = 10.500 fi= isec.

e
0

8= MU G (__]OO p“)‘ )

so

i} 0.05 100V
(=) () (m8) " - oo
,=('HJ\ )( i )1'3 1.000 fps\(_Pso
Y o\3ZT0n o, ‘) T00 psi
=(5 ( L\ {1.000}{200}!
“\F70/\0.05 2.500/{100

7= 0.02

12

-320,'T=09

From Figure 11

Step 14
From Figure 11-30

ﬁ = ‘\O S f D,
ax = 2.0 (Severe d@age)

Step (5):
py = 2.0 g, X = (20)(220)(1) = 440 psi

Step (6):

. ='( A, )( ! )” 1.000 1ps
370 fty \ WMy ¢

P .
{5 1\ 71,000\ .
)y (370) (o.os) . (:.soo) = 00is

From Figure 11-29 3= 1 and it does not
depend on p,, very markedly.

- Step (7):

P =8 Py = (1)(440) = 440 psi
which is greater than the 200 psi assumed:
therefore. the required number of Steps
(3 through (7} must be repeated (see
paraf'mph 11-8).

Step (3 ,
Assume p = 1.000 psi tincreased be-

- cause of large difference between the
“assumed and the final \alue obtained
above.)

-l— = 5.4 sec since it depends on structural

v properties only.

_ 005\!"3( 100 \" _
(< 4)( ] ) (1.000)' = 0.009
e 5 N1V 1.000V(1.000\! 2 _
7 ( ; )\ 05) (2.500)(100) = 0.046

From Figure 11-32.

!

I )
T<Q.3.

therefore. the assumed loading is im-
pulsive.

. 11-63



Step 4.

From Figure 11-33.

' . vt
& = o (A = (L)(O'O’) T =007

3.4 ]

g, A = (220l = 220 psi
from previous calculation. From Figure

17-340, the values of 6 and g, would

“ntersedt below and to. the rjf__"ht of the

limiting line. However. from Figure 11-32.
1L is known that 7y 7 < 0.3 thus. the
limiting curve must be used. For

It

220 psic

g,

H

P = 1.100 psi .

on the limiting curve. Simce this is graater
thun the 1.000 psi assumed. it must be
investigated to determine if 1.100 psi also
corfesponds to impulsive conditions (1.¢..
14 7T <0.3 as defined herein). Therefore.
recompute as in Step (3). ‘

Forp ,=1.100 psi:

7 1Vf0.05\3 7 jo0 VR
’(?Z)(] ) (1.100) = 0.00%

Co (S VL \3(1.000Y/1.000\! 7 _
L ‘.(To)(o.os)- (:.500)( 100) = 0040

From Figure 11-32,
1,/T <03
Answer: The correct side-on overpressure at
the surface 1o produce severe damage to the roof

of the buried rectangular. reinforced concrete
structure is’

P T 1.100 psl.

(NOTE: If the wall rather than the roof of the

" ostructure were being investicated. the value of

g, A (if Figure 11-34 controls) or p, (if Figure
11-30 controls) would be divided by the appro-
priate value of A from.Table 11-6 to find the
value of p_ orof p . respectively.) _

. Related Material: See paragraph 11-8. See
also Sections | and 11 of Chapter 2.



Problem 11-5 Calculation of the Thickness Required for Shallow
Buried Reinforced Concrete Arch '

oo 20 throush 11453 and Tabies

11-6. 11-7. and 11-10 provide the informatiow

necessary 1o deternune approximate dimensions
of deeply buried structures:however. as described
In paragraph [1-9. these figures and tables. 1o-
gether with Figure 11-44 also may be used' to
analyze structural dimensions of shallow buried
buildings. .

- Example .

Given: A semicircular reinforced concrete

-arch to be buried with the crows level with the
surfuce of the earth. ie.. depth of cover over the
crown /= 0. Other pertinent characteristics of
the structure and the medium are;

Required spun length. L = 60 fect

Arch radius. r = 30 feet

Effective seismic velocity of the medium.

(= 1.000 {ps.

Find: The required thickness of the concrete
that will allow the structure to sustain no more

than moderate damage from a 5 M1t burst at a

distance where the peuk side-on overpressure.
N 200 psi at the surface of the ground.

Solution: Since the arch is semi-circular.

it = r = 30 feet

and
ho_ 30 _
L~ 60 - 9
From Figure 11-26,
KT
7 11,

Therefore.

H =011L =011 x 60 = 6.6 feet.

av
A value of
q, =P, = 4007psi

is assumed in order to obtain a trial thickness
from the curves for deeply buried structures.
Using this value of g, to enter Figure 11-35 gives

D

— = (.84
)

"D, = 0.84r = 084 x 30 = 2.5 fect.
From paragraph 11-9. the effective span b_of an
arch buried at shallow depth for use in deter-
mining the resistance to flexure alone. ie.. for
use with Figure 11-38. is one half the developed
length of the arch. Therefore. E

b, = 'f = 1.57 x 30 = 47 feet
and . ' -
D,
¢ 25 L o nes
bs e 0.053.

Since p; f. is unknown, a value of 600 is used in
Figure 11-38, and from that figure

q, = 25 psi

for restrained edges. For simply supported edges
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which exte 1 tits mode of r-:épons: as defined © This'is close enougli 10 the value of 2.5 above to
ny Frours 1i-3s : proceed. Now investigate the effect of loading
- o duration that was temporarily ignored above.
¢, = 1 oa 25 =13 psi "~ From Table 11-10. for the thrust component of
: o _ o loading: '
Simce the required flesury] resistunce is of the
order of 12 p =100 psi. the thickness of 2.5 : 10 f1 .
feet obtained as u triul vahue above probably is v = ( - ) 1,000 fps
not sufficient, Therefore. a new value 1s assumed
that'is approv.\imulel_\ Twice as fargs. i.e..DL =45 O and ¢ = 1.800‘ fps.'
feet. From Figure 11-35. ¢, foru deeply buried ™
arch is about 720 psi: call this g,. From Figure 10\/] %00 ‘
Fl-3d. with D, & =0.090.q, for adeeply buried Y = (30)(1 000) 0.6

simply supported. one-way slab = 12 x 80=40

psi: call this 4. If the effect of louding duration _
Is ignored tor the moment by setuingp g, = 1.0 y
for either modse of louding. th-c.udeq'uac_\' of an

arch of 4.3 foot tlhuckness may be investigated ] 2g
tentativels - (Note that according to paragraph (0.6)(—,—) (180) = 0.
11-9. attenuation with depth for shallow bunal . -00.

~is so small thut it can begnored). Let ( (P, be
the component of overpressure producing thrust Lo Hy ( ) (1 .000 1ps)( so )1'3
BN

o T h
AT (@_Pi)
Pso

3]

th

in the arch. From paragruph 11-9.(p_ ), =p. 7 T T 3701 100 psi
200 psi. Similarly. the Lomponemofow. erpressure .
producmo flexure in the archis ), = 1/2p - ( 6. 6)( ) ( )(200)
= 100 psi. The ratios P and M U for entermf 3705 1.000 /1 100
Figure 11-44 must now bL u]cu]aled These are. : .
for the conditions above: v = 00!
P ) 00 From Figure 11-32. 1,/T > 3: therefore pso,_"q.\_ '
PP = q - === =-0.28 =1L
¢ ) From paragraph 11-10 for the fiexural compo-
) : . nent of loading: :
TRV (th b 0 -25
b _ , (10 f1 L
’ TTY ( L )(1_000 fps)

From Figure 11-44, with these values. and - for
p, [ U = 600'4.000 = 0.15 (p; f, = 600 psi

from above and ] = 4.000 psi assumed ). :
From paragraph 2-15, Chapter 2:

P‘,'J.P = 0.2&.

|5 U= 1116 fps. 1 +

-]
e
T~
—
—

"
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| N | 1 IT = 0.6
iare 1 =229 2 4000 fps ¢

la.7

L 10VA.000\_ . - .
i *(60)(Looo) Uoe

From Table 11-10.

From Figure 11-30.

pd/'q‘\‘X = 1.5 (Moderate Damage)

-

Since A'=a =1 for shallow burial and pd, =p. -
{see paragraph 11-9). ‘

) 1 L- 7=
- = . 1= (L =5 »
¥ 'IOO AT . / q, = %= 70 psi: call this last value g .
K= S = I s 12,000 x 0.2 : : a 70 _
— === 1%
—_—— - , 40
.z 1600 x 100

S STE0000

Answer: Since this value agrees with the

(p; f, = 600 pai from above and value obtained above from Figure 11-44. un arch
f\ = 40.000 psi ;ssumed) 4.5 ft thick. with 1.5 pereent reinforcement,
) eachface and with 7 = 4.000 psiand 7, = 40.000

K = 13.000 17 sec. psi 1s adequate for the given conditions.
(NOTE: Because an “analysis™ the thickness D
of the structure is known. analysis follows di-
J . 100 (4‘ X 47) 1+ 08 66 _ 4 rec-ltly as given in the pr_ecedmg example using
v 13.000 =5 - the known value of D instead of the assumed
value. In analysis. however. p . the side-on
5 = 067 _ 0.0°% overpressure is unknown: thus o value must be
2 T assumed and the steps above are followed to tind
: a new value of overpressure to compare with that
v = 001 from first trial above. assumed.) ‘ : :
, Related Muterial: See parugraph 11-9. See
From Figure 11-22. also Sections I and 111, Chapter 2 and Appendix B.
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Problem' 11-6 Calculation 'of the Vulnerability of the Near Surface Portion
of a Reinforced Concrete Silo .

Figures 11-29 through 11-44 and Tables
11-0. 11-7. and 11-10 may be used to evaluate
the vulnerability of siios buried in soil. Only the
procedures that apply to the near-surface portion

(above @ depth equal to approximately the di-

ameter) of a cyvlindrical silo are illustrated below.

At greater depths. the procedure is straightfor-

ward: the direct circumferential thrust is the

. controlling force. so the circumferential rein-

forcement dominates. but additional longitudinal

reinforcement may be required to resist skin
friction. _

In the tellowing example. it is assumed

at the cover of the silo is supported directly

on the structure. However. the longitudinal stress

and the stiffening effect of the cover or the

.digphragm. which frequently is associated with

the cover. are neglected in the following. The
longitudinal stress will normally require at least
consideration of added longitudinal reinforce-
ment. Neglect of the stiffening effect in the fol-
lowing results in an overpressure that is less than
that which would cause the desired damage. that
is. a conservative result from the staridpoint of
defense.

-' Example ‘ L ‘ ,
‘ iven: A reinlorced concrete silo buried in

TP

RN |

loose dry sand with the cover flush with the sur-
face of the earth. Characteristics of the silo and
the medium are:

11-68

Fuid: The side-on overpressure at surface
that will cause no more than moderate damage
to the silo when delivered by a 5 Mt surfac

burst.

)?,J,_, =69 + 1-T70 are

defeted.
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Py = Peak Value of Applied Stress 14 = Pulse Duration
q, = Resistance of Structure ‘ T = Effective Period of Structure

. ‘X.= Arching Factor, See Fig, 11-31 - @ = Duectitity Factor
><> .
= -~ For 14T < 0.3, pd’qyx = Trrtg | 2u-1, (See Fig. 11-34.)
- |
| | |
zZ ¢ ; 1
< ) . y .
e ’ =
= For /T = 3.0, pyra X = 1 ‘\\
e ’ l ' ' »
> | ,
.L-‘ N
ny ‘
- Severe Damage (u = 10}
2
<
kel
. 2
=]
[Tp]
v
e
T
c
£ S
f ' Z Moderate Damage (u = 3
o] ]
g
£ |

o , i

0 o3 0% 1.0 s - 2.0 2s 30

RATIO OF PULSE DURATION TO PERIQD, 1y'7

Figure 11-30.‘ Damage Pressure Level -
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Table 1110 . Definition of 7 and & for Figures 11.32 and 11-34 -

. 78 ' 4
3= o (WM (‘OO P“)- 5= (WM)'

SO

¥ is defined by following:

For arches and domes: .

.- (10 f1 ‘m .
v I 1.000 fps

- {fps: ~Structural Type
1.800 Concrete arch or cylinder
2,700 Steel or aluminum arch or'cylinde;

. concrete dome

3,800 Steel or aluminum dome
For one-way slabs:
1 L’ ‘ ‘ -
v = IOO-E } + T' , where L = span of structure, and
I" (defined by structural type) Structural Type
0.8 BL— ' , : : . Reinforced concrete walls
C .
for H,, €L
0.8 a‘f for H,, > L, use : Reinforced concrete roofs
c
H,=L
Lx e
0.2 _A- Steel walls (x = spacing of members)

11-75
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Tablz 1110 . (Conciudeg)

[ (defined by structural tvpe)

Structural Type

for o SL
Ha‘x ‘ ,

0.2 2 for H > L. use Steel roofs

H. =L
08% % Aluminum walls

for H,, <L

}-]'d‘nx - v
0.8 — for H. > L. use Aluminum roofs
A &
H =1
an
K = scrg

where: ¢ = seismic velocity of material: ‘

20,000 fps for steel or aluminum

12.000 fps for reinforced concrete

1, = radius of gvration of element :
(Use g = 0.2D, &/ ¢ for reinforced concrete (¢ = 100 p; and D, in ft):
- See Figure 1]-33 for structural shapes)
5 ‘Support Condition for Element
1 I-wzy slab, sirﬁp]e support each end
2 l-way slab, fixed support each end
1.5 l-way slab, fixed one end; simple other end
0.3 l-way slab, cantilevered span
1 + (bs/bL‘)2 | 2-way slab, simple support on all edges
0.6 [1 + (b/b)?] 2-way slab, fixed support on all edges
1.7 Square, flat slab
11-76
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: Figure 11-41.. Aspect Ratio Correction Factor for Strength of Two-Way Slébs.
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" as follows:

Problem 11-7 Calculation of the Vulnerability of Tunnels Buried in Rock

Figure 11-45 and Table 11-8 deﬁne~tﬁe |
vuinerability limits for tunnels in rock, with .
various degrees of sophistication suggested for

the tunnel lining. The curves of Figure 1143
and the slant ranges shown in Table 11-8 repre-

. sent conditions that will produce a 50 percent

probability of survival from & 1 megaton burst.
The structure will have a significantly greater

bability of survival ‘for all greater slant ranges.
ﬁ Scaling. For yields other than | Mt, scale
For Table '11-8:

-_R; = 1173
R, =

where R is the slant range obtained from Table
11-8 for I Mt, and K is the correspondmg slant
range fora )1e]d of W Mt

For F1gu1je 11-45:

K _ INVE
R 1,000 (W)

where R, is the scaled slant range for ]| Mt. and
R is the corresponding slant range for a y;eld of
W Mt. ‘

Example
Given. A 20 Mt weapon detonated on the
surface.

Find:- The slant range at which an unlined
tunnel in granite will have a 50 percent proba-
bility of surviving. From Figure 1145 the scaled
range for the most competent granite is | 6

Answer: The correspondmg slant range for
8.20 M1 weapon is -

R = 1,000 x 1.6 x (20)}3 = 4,300 feet.

From this result, it is obvious that some lining of .
the tunnel at least should be considered. For the .

 Jeast competent shale shown in Figure 1145,

the situation is even worse. For this medium, the |
scaled range shown in Figure 11-45 is 2.}. The

- corresponding slant range for a 20 Mt weapon 15_‘ _

R = 1,000 x 21 X, (:20)”3 = 5700 feet.

4
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SECTION 1II
SHOCK VULNERABILITY OF

* ‘QUIPMENT AND PERSONNEL -

_ As describad in Section III. Chapter 2.
the ground motions from the explosion of a nu-
clear weapon may be transmitted through the
earth in a variety of wavs.' This section is con-
«cerned  with the problem of attachment of

equipment (mechanical. . electrical, hvdraulic.

etc.) to the protective structure. or, alterna-

tively. the vulnerability of such equipment. The
question of the vulnerability of personnel is
more difficult. One possible representation of
personne! vulnarabiliny is presented.
‘ q This section is closely related 1o the ma-
teria) contained in Section 111. Chaprer 2. and no
attempt should be made to use the material in
this secuion for anvthing other than a qualitative
understanding of the problems associated with
shock vulnerability of equipment and personnel
without first having an understanding of Section
111, Chapter 2.

11-18  Shock Mounting ‘

The proble‘m of vulnerability of equip-
ment can be related directly to the attachment of
the equipment to thelprorecti\'e structure. The
equipment must remain attached throughout the

“duration of the shock and must function in the
postburst state. It is obvious that the attach-
ments must have sufficient strength to transmit
the forces that are associated with the equip-
mient accelerations and with the relative distor-
tions of structure and eguipment. The stiffness

of the attachments mus! be considered not only

in relation to its influence on the'magnitudes of
transmitted forces but also in relation to pos-
sible limits of acceptable relative displacements
and accelerations of the equipment and the
structure. N :

Since the broblem relates to the mount-

ing 01 equipment. rather than to the design of

major structural components. it can be assumed

that the attached mass is relatively small com-
pared to the mass of the structure. It follows
that the attachment forces are negligible in com-
parison with the direct effects of the explosion.
and the motion of the structure is nearly inde-.
pendent of the forces transmitted through the
attachments. Motion of the structure is assumed

to be the basic input for which the mounting -
must be designed. These input data must be ob-
tained from an analysis of the response of the
structure to ground shock and air blast. as de-
scribed in Section 1l of this chapter and in Sec-
tion 111, Chapter 2.

Maximum accelerations or displacements
that can be tolerated by the equipment must be
known or must be computed. For complex
items. such as electronic equipment. this infor-
mation may be supplied by the manufacturer.
Typical vulnerability data for various types of
equipment are tabulated in Table 1i-11. The
vulnerability is not simply defined by single fre-
quency and acceleration limits, e.g., there gener-
ally’is a range of acceleration and frequency over
which the item (or class of items) may be vulner- .
ablie. For example. for heavy equipmeént the
range might be that shown in Figure 1'1-46 for
the shock mounted and nonshock mounted
cases. The values shown in Table 11-11 represent
the midpoints of these zones These values are
used 1n the vulnerability computations described
later.. . R :

As mentioned previously the determina-
tion of the vulnerability of personnel is even
more difficult. One possible representation for
personnel is sketched in Figure 11-47, wherein it
Is seen to be a liné representation.*

s "‘ A more detailed discussion of vulnerability data and anal-
- ysit may be found.in Vulnerabiliry Handbook for Hardened In-

staliations, 1965 (See Bibliography).
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Table 11-71. - Estmﬁates of Frequency and Vutnerability of. Typical ttemnis of Equipment .

Typical Value of

' Fundamental = - Estimared
. Natural Vulnerability- .
o Shock - Frequency " Level Acceleration:
Class ltem Mounted (cps) (g

A Heavy machinery—motors. No - 10 20
‘generators. transformers. Yes 3 40
ewe. (> 4,000 b}

B Medium and light—pumps. No 20 40
condensers. air conditioning. Yes 3 80

~ fans, small motors
- {< 1.000 Ib)

C Commurﬁc‘ation equipment, " No 25 7
relays. rotating magneus Yes 6 60
drum units of electronic
equipment, -ete. ‘

D - Storage batteries. piping No 20 70
and duct work - Yes 5 150

E ' Personnel (see text) .- - -

) " Fifty percent probability” of severe damage. ‘

11-98



"11-16  Nature of Etastic Syster:ns Comprised
of Mounted Equipment

- i gzneral. anyv piece of mounted equip-

ment comprises @ multidegree-of-freedom elastic
svstem (or elasto-plastic system} that responds

" 1o the motion of its support points {points of
attachment to the structure). If the equipment is
connected to the structure in a manner such that
relative distortions of the structure can be ac-
commodated without serious stresses in the
equipment and attachments. the stresses in the
.equipment and forces transmitted through the

-~ attachments will be primarily a function of ac-
celerations of the equipment. Thus. the major
problem of analvsis s the determination of
equipment accelaerations. The products of equip-
ment massas (concentrated or distributed) and
corresponding accelerations represent a loading
for which the corresponding stresses and support
forces can be found by conventional methods of
stress analysis.

-Every system has many degrees of free-
dom and corresponding modes of motion. and
the total motion is comprised of the sum of the
response in each mode. Fortunately, most sys-
tems have only a very few. easily recognized

modes of predominant significance, which con-

tribute most of the response to a specified direc-
tion of support motion. Consequently, it usually
is sufficient to determine the response in each
(often. only one)-of these predominant modes.
When it is necessary to determine the response
-in more than one mode. the fact that peak
 values of stresses and reactions in the separate
modes are unlikely to occur simultaneously
should be considered in order to simplify the
analysis. The combination of values from the
separate modes should be based on probab:hty
considerations.

“In some instances, the .ﬂebexhty of a
piece of equipment and its attachments may be
limited almost entirely to that of the attach-

ments. For example. this is the case if an electric
motor is attached to the structure by relatively
soft spring mountings. In other cases, the attach-
ments may be very rigid and the equipment may
be relatively flexible. An.example of the latter

" would be piping having a relatively small ratio of

diameter to distance between points of support.
~In many instances for which the equip-

~ment has a mass distributed over considerable

length, or area, it is convenient to approximate
the distributed mass: by one (or a few) mass con-
centrations. .

11-17 Design of Mounted Equipment
to Resist Shock

~ In a typical case. an underground struc-

~ ture may be considered to move with the ground
in accordance with the free-field motions at or

near the base of the structure. If a piece of
equipment is to be mounted in the structure, the
equipment must be designed for the response it

- would receive. This response is determined by

the frequency of the system composed of the
piece of equipment, its mounting bracket or
connections, and the part of the structure to
which it is attached. In general, the structure’
will -be sufficiently rigid that all parts of. the
structure will have the same motions. Conse-
quently the input motion for which the equip-
ment is to be designed is the free-field earth
motion. ’ ‘ ‘
If the equipment is a heavy. compact .
element mounted on a bracket, an estimate of
the natural frequency of the system must be
made. In most cases it will be possible to assume
that the point of attachment of the bracket to

the wall of the structure is a fixed point of sup-

port. Then, from the flexibility of the bracket -
and the magnitude of the supported mass, the
natural frequency can be calculated. This can be.
estimated fairly well by determining what the
deflection of the system would be in the direc-

tion of motion as a result of a force equal to the
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weight of the supported element. If this deflec-
tiors 1s v . then the frequency 1 is approximately

-] z
Pe=—J~

where g is the acceleration of gravitv. -
In general. it is desirable 1o provide as

much flexibility in the mounting as possible

without sacrificing strength. This will make the
-response of both the equipment and the mount-

nearly the same way to design for a limiting con-
dition of acceleration. relative velocity, or dis
placement relative to ground.

11-18  Vulnerability Analysis .

' If the vulnerability criteria. in terms of
tfrequency. and acceleration. velocity, or dis
placement are known. a vulnerability analysis
may be carried out. The simplest procedure in-
volves choosing the vulnerability coordinate. for
example. that represented by the large dot in
Figure 11-46 for nonshock mounted equipment
of Type A (see Table 1}-11). Then. by appro-
priate trial and error. for a given value of weap-
on yield and overpressure. or range, for a given
medium (¢, value). depth. etc.. a spectrum can
be constructed. The range or overpressure can be
changed (if these are the variables. as is com-
mon) until the spectrum just encloses the point
as demonstrated in Figure 11-46. The spectrum

11-100

ipg as slow as possible. - b ,
h The shock spectrum may be used in verv

required for this analvsis should: correspond to
the input motions at the base of the equipment -
support. For items of equipment mounted on
exterior walls. floors. or roofs, the base motion
is usually assumed to be the same as the free-
field motions in the adjacent soil. For items of
equipment mounted on interior structural ele-

- ments. the base input motions must be deter-

mined to reflect the motion of the structural
elements on which the equipment is mounted.*

Such calculations were carried out for
Equipment Classes A. B. and C (Table 11-11) for
average effective seismic velocities of 1.500 fps.
5.000 fps, and 15.000 fps for 0.1. 1. and 10 Mt
weapons: at depths rangine from the surface to
300 feet. It was assumed in these computations
that the applicable spectra were the free-field
spectra, i.e.. not altered by structural behavior.
The results are shown in Figures 11-48. 11-49.
and 11-50,

For the soft medium shown in Figure
11-48. ¢, = 1.500 fps, the response is largely -
governed by air-induced motion. For the firmer
medium. ¢y = 5,000 fps, the response is con-
trolled by a mixture of both air-induced and
direct-transmitted motions. and for the stiff
medium, ¢, = 15,000 fps, the responsé is con-
trolled solely by direct-transmitted motions.

"' Detziled methods for handling such cases are described in
Newmark, Nofes on Shack fsolation Concepts, 1966 (See Bibho-

graphy).
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Problem 11 8 Calculation of the Vulnerablllty of Equnpment
Mounted in an’ Underground Structure :

- Figures 11-48 through 11-50 show the
vulperability plots for equipment classes A, B.
and C (Table 11-11) for average seismic veloc-
ites of 1,500, 3,000, and 15,000 fps, respective-
Iv. The calculations for Figures 11-48 through
11-51 were performed by the methods for deter-
mining shock spectra that are described in Sec-
tion ill. Chapter 2. The procedure for making a
vulnerability analysis for shock effects involves

the shock response spectrum and is one of trial -~

The vulnerakility plots of Figures
11-48 through 11-51 simplifv such analvses,
F Scaling. The curves of Figure 1]1-48
rough 11-50 cannot be scaled to other yields:
however. interpolation between the curves will
provide an estimate as to whether a detailed
shock response spectrum analysis is reqmred

;  Example !
Given: An underground structure has its

bottom floor located 50 feet below the surface
of the ground in a medium that has a seismic
‘velocity of 5.000 fps, as illustrated below. Non-
shock mounted class B equipment is mounted
directly on the floor.,

Find- The vulnerability (50 ﬁercent proba-
bility of damage) of the class B equipmentif a ]

and error.

Mt weapon is burst at a ground distance of

1.500 feet from the structure.

Solution. The peak ground motions of the
base of the structure must be calculated. and the
corresponding spectra for vertical and horizontal
motions must be sketched. The vulnerablht\ of
the equipment can then be estimated from the

‘information contained in Table 11-11.

- The burial conditions. weapon yield. and
ground distance for this problem are identical to
those of Problem 2-27. Therefore. the peak
ground motions of the base of the structure that .
were obtained in Problem 2-27 apply to this case
as well. These are tabulated below. -

In this particular example, as was noted

. in Problem 2-27, the air-induced motions, with

the exception of the horizontal displacement,
are the largest values for both the vertical and
horizontal directions. 'In the horizontal direc-
tion, the air-induced value of displacement is .
nearly equal to that of the direct-transmitted
value. In many cases, especially near the burst
and in a stiff medium, the direct-transmitted
motions will be the largest, and will control the
analysis.

As described in Sectlon 111, Chapter 2,

i—‘ R = 1500 f1 -
5 I PN AN T TRV R CANY PR
C, = 5000 fps 50 f

4 Equipment
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the bounds for the shock response spactra are
obtained by muliiphving the controlling displace-
ment. velocity, and acceleration values by ]_ 1.5.
and 2.0, respectively.
Vertical Responsa'Spectrum Bound:
Displacement d = 1.0d = 6.3 in.
Velocity v = 1.5v =90 in./sec.
Accelerationa =2.0a=118g

Horizonta] Response Spectrum Bounds:

- Displacementd = 1.0d = 2.2 in.
Velocity v = 1.5v = 60 in./sec
Accelerationa =2.0a = 118¢

~These spectra bounds are shown in Fig-
ure 11-51. They constitute the shock response

spectra for a single-degree-of-freedom svstem. It .

has been assumed that the motion of the base
slab is the same as the free-field motion of the
soil on which it rests. o '
Answer: From Table 11-11. the wvulnera-
bility coordinates for the nonshock mounted
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Class B equipment are 40¢ at 20 cps for both
-horizontal and vertical. motion. This vulnera-

bility point is shown on Figure 11-51. The hori-
zontal and vertical spectra bounds fali substan-
tiallv below the vulnerability point. indicating
that a larger yield and/or shorter range will be
required to produce 50 percent probability of
damage to the equipment. This conclusion is
substantiated by the data presented in Figure
11-49. where it will be noted that for vertical
motion and Class B equipment, a range of about
1.300 feet for a weapon yield of 1 Mt would be
required for 50 percent probability of severe
damagz. In Figures 11-48- through 11-50. the
curves denote 50 percent probability of severe
damage. Points to the left of a curve represent
increasing degrees of damage from that weapon

. vield. Points to the right of a curve represent less
.than 50 percent probability of damage

Related Material: See paragraph 11-18. See
also Section III, Chapter 2 and Problem 2-27.
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SECTION -1V
- DAMS AND HARBOR
CUPINSTALLATIONS (U}

.’ AIR BLAST- A
1119 Concrete Gravity Dams ‘ ,

A conerste gravity dum with resenvolr
witer deptlr Jess than abourt half the dam height
is most vulnerable 10 4n upstream surface burst
and. comverselv. least vulnerable from a down-
stream burst, A downstream or overhead burst
Ts however, o primary dumaging mechanism for
powerhouse structures: these should be analyzed
according 1o stractural tape us in paragraph

11-4.

11-20 Harbor Instaﬂétions- '

Atr blust is the most importunt damaging
Mmechanism for most structures around a harbor
(see the discussion in paragraphs 1i-1 through
11-4). Air blast can make the canal or river
_locks. where the water level around the gates is
low. inoperable by damaging the gates. .

. WATER SHOCK ‘

11-21 Concrete Dams and

Water Locks

A concrete graviny -dam with reservoir
water depth ligher thun about halll the dum
height is most vulnerable to an underwaier

burst. Vulnerability increases with depth of

burst since underwater shock impulse for a given
vield at a given range is greater for greater
depths. Only a hmited amount of information is
available concerning dam destruction. and scal-

ing laws are not well known. The following slunt-

ranges are estimated for damage by a-20 kt
underwater burst at mid-depth 1o full concrete
gravity dams (straight or'slightly curved in plan):

e 60-foot high dam: Cracks are produced at

a rangz of about 1.00Q feet: portions are -

crucked loose and displaced small distances
at a runge of about 600 feet. _

e [350-foot high dam: Cracks are produced a1
a range of about 1.500 feet: portions arv
cracked loose. and displaced sizable dis- -
tances at a range of about 600 feet.

e 500-foot high dam: Cracks are produved u
a range of about 4.000 feet: portions un
cracked loogse and displaced large distanges
at a range of about 600 feet.

- Canal and rniver locks. where there is 2

high water level around the gutes. are most vul-
nerable to damage from an underwater burst,

. CRATERING -

©11.22 Cratering Earth Dams

and Causeways |
The primary  damoge mechanism - for
earth dams and -causewayvs is cratering. The dam
or causeway should be within the crater in order
_todpsure breeching the structure. ,
Although the crater lip formed by an
“underwater burst in a harbor may create a navi-
-gational hdzurd.'watger erosion mayv make the |
hazard temporary. Thetanee of air-blast damage .
to harborside structures is greater than that of
cratering damage from an underwater burst near
"wthe shore. Cratering is the most important dam-
age mechanism for concrete quaywalls and canal
and river Jocks. if the structure 1s within the
rupture zone. The dimensions of the crater
formed by an underwater burst can be com-
puted using the procedure given in Problem 2-36.
Dimensions of craters from ground surface and
underground bursts can be computed from the
procedures given in paragraph 2-48. Weapons that
explode on the top or at the toe of a concrete
gravity dam -will produce damage to the dam by
cratering. The extent of the rupture can be cal-
culated by the method given in paragraph 2-46
through 2-50. The extent of rupture resulting
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IRERHE

Joburst on

the

top of the da

v et witer devel will drop. For a

hursy o the toe o e dam.

RS ;:!w will dotermne whother the dam will
overtern The extent of damaege resulting from
an explwion it the dam gallery cun be calcu-
Lted o the same manner os described for an
underground burst by the method given in pura-
graph 2-50. ‘

- waTer waves W
- The manm me] < imvolved in predict-

ing damuagy from wavd actinn Tequire 4n mdi-
! stlmh:.rt_ Among
waler d:p'& hottom slope.
Larget reaponsys chuarac-

vidual anatosis of eol

[h'.ﬂ

.'ul [FASUN
variables are
wive height, wanelength.
WCrEsties, uricntalinn OoF Turesl lowanelronrt.
o of tereot rekiin 1o the point of
breaking. and vunation in width of the channel
ar harbour. Section IV, Chapter.2 provides esti-
mates of the maximum wine
tiorr of watdr depth and burst position. These
values dre given for ¢ constunt depth of water.
The wave height changes as the wuter depth or-
width of the wavefront varies. Wind action mais
cuuse addivonal damage 1o structures that al-
cready have been damaged by owir blast, Wave
damuage nun result from limp;zcl and hyvdrostatic
pressure. drug foree. or inundation

"11-23  Impact and Hydrostatic. Pressure ‘

The magnitude of the impuct force de-
pends upon the velocity and mass of the wuve
and upon whether the wave huas broken or is
breaking at the ume of mmpast. The hydrostatic
pressure depends upon the wave height beside
the structure. Since the lawer limiting velocity
for damage 1o light structures by impact is ob-
tained by verv-low-amplitude waves. and since
the velocity increases with amplitude. a wave

WY

with a height sufficient to reach inland struc- -

tures must be considered a probable damaging
agent.
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1 determines the

1he extent of rup-

o lu-.

height. as.a func-

11.24 Drag Forces -

- Objects around which a wave mav easily

pass such as piling. are subject to drag forces. A

wave passing by a slnp may cause displacement

" as a result of drag forces. and damage may occur

assa result of the ship colliding mth some other
obicct. such as a.pier. '

11-25 Inundation .

When a long-lasting wave {rom a nuclear
"explosion reaches a sloping beach. it increases in
height and run inland. Large areas may be tem-
porm]\ inundated. ‘

THERMAL- RADIATIO[\.
DAMAGE

i Dams. whether of earth or concrete. are
not significantly afrected by thermal radiation.
However. since many waterfront areas contain a
high concentration of combustibles. large fires
can result if these are ignited,

SECT]OT\ A%

- PETROLEU’\I OIL. AND LUBRICANT
(POL) STORAGE TANKS -

11-26 Damage Criteria

Although petroleum: oil. and lubricant
storuge tanks are sil'uctllrés. their behavior under
blast loading is \'éT_\,pOlnplex and dithicult to
determine. and thus requires separate treatment.
In addition to being vulnerable to blast effecrs.
these tanks are susceptible to primary and sec-
ondary fire as well as to Joss of contents from '
penetration by random fragments and missiles in
the blast environment. However, since their blast
vulnerability is likely to be either as great or
erzater than their vulnerability' to missiles. ex: .
cept at high overpressures. information develop-
ed to date that is reflected in the damage curves
of Figures 1'1-52 through 11-55 applies only to:
blast effects. The curves are based on' the limited



dute derived from nuckeur ficld testss shock-tube
evperinients, wnd analvticalstudies.

11-27 Loading and Response ‘

’ Tests indicute thar standard storage
anks that are designed under American Petro-
leum Insmute specifications will fail through the
peeling up or “uplift” of the shell plates facing
ground zero at or-near the junction with the
bottom plate. Many ‘parameters affect both the
loading and the response of a‘tank: those reflect-

ed n the damage curves are vield. diameter of

anh. huight-ro-dmmercr ratio. degree of filling.

cand 1vpe of tank, Typical vdlues were chosen.
Domuee levels are about the same for floating-

rocs und conesrool taenks, Since o cone root s

very wesh, it probablv will be blown oft quick-

heoand it s unlikeh that o floating rool will
restrain the mouon of the tunk shell for any

length of time at loadings sufficient 10 cause fail-
ure. The wind girder of u [foating roof has little
effcct on response. Conc;’et{-protecled tanks of
either type are more stable. since they have
reinforced-concrete-rings surrounding their steel
sides. For such tunks, standard service drawings
“for diameterscotf 1340 1200 67, and 42.5 feet
were used as references, and structurul character-

1stics were obtained far équivatent 100-, 75- and

S0-toot protected tunks,

.11-28 Damage '
=

Ths criterion for severe damage to stor-
age tanks is any rupture that causes the loss of
the: contents. or sufficient spillage to provide a
hich probability of fire. With respect to other
structures. this criterion is related 1o the level of
50 percent probability of severe damage. A level
of moderate damage for storage tanks is difficult
to relate and is not used. Light damage. i.e.. dis-
lortion and bending of the shell. roof or appur-

,

“tenances. can be expected for overpressure Jevels
onin Table 1412,

The overpressures determined from Fag-

ures 11-52 through 11-55 and Table 11-12 ar

used in conjunclion with the overpressure v

height-of-burst curves for near ideal surface con-

ditions. in Section. 1, Chapter 2 to find damage

1s practice has been followed in

the curves in this section. -

The reduction in damage distances to
POL tanks that will occur for shallow subsurface.
bursts may be obtained from Figure 11-24 by

" the methods described in Problem 11-2.

S11-111
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Table 11-12. . Light Damage 1¢c POL Tanks -

Deléted _'
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Problem 11-8 Calculation of Damage to POL Storage Tanks

Ficures 11-32 through 11-84 contain
curves that indicate the overpressures required
for 50 percent probability of severe damage to
various configurations of POL storage tanks fill-
ed to varving levels. Separate families of curves
are provided for weapon vields of 20 kt and 500
kt. To determineithe radius of damage. use the
overpressure vs height-of-burst curves for near-
ideal surface conditions in Section I, Chapter 2.
for unprotected tanks!

To predict light damage.”

use the criteria of Table 11-12. Because of the

great possibility that fire or explosion will cause
further damage when ruptured tanks leak. no

attempt has been mude to define moderate dam-
age. | o '
_ Scaling: Use the scaling that accom-
panies the appropriate overpressure vs height-of-
burst cunve. . .
.t, Example 1 .
riverr: An unprotected conical roof tank
100 fest in diameter. 35 feet high. and 0.5 full.
Find: The radius of severe damage from a
20 kt eround-surface burst.

I G
feet.in diameter. 30 feet high. O.9'full,- S

Example 2
iren: A protected floating roof tank 30

Find:"The radius of severe damage when
subjected to the blast from a 1 Mt weapon deto-
nated 3.000 feet above the ground surface.

Related Material. See paragraph 11-28 and

a_

" Table 11-12. See also Figures 2-17 through 2-22.
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De,‘eted
Figure 11.52. . Blast Resistance of Unprotected Fioating
' and Conical-roof Tanks for 20 kt . ‘
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peleted

Figure 11-53. C. Blast Resistance of Protected Floating
and Conical-roof Tanks for 20 kt ‘ '
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. Figure 11-54. . Biast Resistance of Unprotected Floating
' and Conical-roof Tanks for 500 ki -
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Figure 11-55. . Biast Resistance of Protected Fioating
' and Conical-roof Tanks for 500 kt
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| SECTION VI
@R =10 FormiFications P

11-29  Air Blast Damage -

Alr blust 15 the contrelling mechanism
for the production of damage to fi2ld fortificy-
tions. meiuding those that are reinforced. revet-
ted or covered. Direct ground shock also cun
lead 1o spulling und cracking i the earth around
positions. The subsequent blust w ave My cause
the crlu‘cked material to collapse into unrevetted
“trenches and foxholes. and may damage the re-

vetments. Definitions of severe, moderate and

light damuge tevels for various tvpes of field for-
tUheanons are anven m Toble 11-130 With the
exception of unrevetted trenches and fexholes.
these ~damuge Jesels are based on collapse and
structural failure. Unrevetted trenches and fox-
holes have levels bused on the degree of filling
caused by collapse of the walls and by dust and
debris. Dumage to field fortifications also de-
pends on the engineering properties of soil. 1.e..
soil type. colesiveness, compaction. and mois-
ture content., Test results show that for a given
overpressure (or impulse). mujor differences in
damage level can occur even within a single soil
classification. The ranze to which a given dam-
age level eXtends is reduced in cohesive soils.
Lurge -amounts of vegetation with thick root
svstems will help reinforee g relatively weuak soil.
Vegetation alse muy reduce the amount of dust
that might be biown into foxholes.

The distance al which severe. moderate.
anc hght damage may be expected from a ! ki
burst are shown as a tunction of height-of-burst
in Figures 11-56 and 11-57 for the revetted
structures described in Table 11-13. The over-
pressure levels required for wall collapse of unre-
vetted trenches and foxholes will vary with soil
properties and with weapon vield. Figure 11-58
indicates the overpressure and impulse for given
vields at which severe. moderate. and light dam-

. age to unrevetted trenches and foxholes may be

11-118

expected in three basic soil tvpes’ This figure is
useful both to predict the stability of unrevetted
foxhole walls and as an aid to determine wheth-
er revetting would be required for a particular
soil tvpe. An estimate of the response of other
soil types may be made by choosing the soil
tvp: from Figure 11-58 that is most similar to
the soil of interest. A partial list of soil classificu-
tions is in Table 11-14.

11-30 Protection of Fortifications
from Air Blast Damage

Revetted emplacements resist collapse at
considerably greater overpressures than unrevet-
ted emplacements. However. the selection and
use of revetting materials must be done carefully
since some materials may create a hazardous
condition. For example: careless use of corru-
gated metal. which is-exceilent revetiing ma-
terial. can entrap the occupuant: interworen
sticks can become deadly speurs. if the sticks
should-break. Light revetting materials. such as
chicken wire supported burlap or pasteboard.
light timber. and plywood are fairly resistant to
air blast when well supported..

Additional protection’ mayv be obtained
within field fortifications by providing overhead
cover. Covers tend to reduce or eliminate the
hazard of multiple reflections of the blast wave,
which can result in overpressures that are double

or triple the incident overpressure. There are.

two main categories of overhead cover: flush
with grade level. and above grade level. Covers
flush with grade level are subject primarily to
downward pressure. Flush, removable covers
provide maximum protection against air blast in
foxholes. Covers above grade fevel are subject to

‘the additional effects of reflected pressure and
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Teble ﬁ-M“ Unified Soil Classification ‘

More than

Group
Muiow Divisrons Symbals . Typical Names
; <Clean - ' ‘ GW Well-graded gravels. gravel-sand mixtures..
Gravels little or no fines. ‘
(Little of ( GP Poorly graded gravels or gravel-sand
no ‘Tines) ' " mixtures. litile or no fines.
Gravels® C
Gravels with ) s GM "Silty ‘gravels. ‘gravel-sand-silt mixture.
fines {ap- ‘ : :
preciabic { GC Clavey gravels. gravel-sand-clay mixture.
) amouni of ‘
- Coarse Ties)
Grairied
Sails” Clzai sands ‘ W Well-graded sunds. gravelin sands. e
‘ (Lt u . Cor ne fimes .
P Tiness - ( SP Poorly graded sands or-gravelly sands.
- littie or no fines. ’
Sunds? :
Sdnds with ‘ SM Silty sands. sand-silt mixiure.
fnes (ap- ‘ ‘
preciable ( SC Clavey sands, sand-clay mixture. '
amount of ' :
fines)
ML Inorgame silts and: very fine sands. rock
) flour. silty or clavey fine sands or clavey
(.Sllts and ' ‘ silts with-slight plasticity . o
Clavs CL Inorganic clays of low 1o medium plasticity.
Liquid Iimit gravellv clavs, sandy clavs. siltv clavs,
15 < 30 peroent : lean clays
OL Organic silts and organic siliy clayvs of
Fine low plastizity.
Gramed - .
Soils” . MH Inurganic silts. micaceous or diatomaceous
Silts and o ‘ fine sand or silty soils, elastic silis.
Clavs Y CH Inorganic clavs of high plasucity, fat clavs.
Liguid limn l OH Organic' ciays of medium to high plasticity.
is > 50 percent organic silts.
Highly Organic Soils P1 Peat and other highly organic soils.
* More than half of material larger than No. 200 sieve size (No. 200 just, visible 10 naked eye).
t More than half of material smaller than No. 200 sieve size (No. 200 just visible to naked eve).
More than half of coarse fraction larger than No. 4 sieve size (No. 4 =~ 1/4 mn.).
hzl{ of coarse fraction smaller than No. 4 sieve size (No. 4 = 1/4 in.1.
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drag doading,

reduction of these additional effects can be ac-

complished by using o flat rather than a sloped

cover. ‘ .
The best overal]l protective structures re-

quire massive construction. Material such as con-

crete with strong. heavy blast doors represents
" the usual choice. Logistic requirements probabh
will not permit tlus tvpe-of structure te be con-
structed in the combat zone. The method most
Tikely to be used to improve the effectiveness of
field fortifications in the combat zone is one
that will increase the time 1o peik overpressures
- of the blast wave, This can be achieved by pro-
viding very smuull doorwavs und an antechamber
Cshelter Almost any type ot construction may be
used with this method. Normallv, if the eartls
cover isvery thick. the roof supporting members
wij) absorb the energy of the blust wave and the
structure will not fail. A small doorway and an

antechamber will modify  the blast wave by

These additional effects tend to
distort and remove the cover. Compensations or.

“metering” through the small apenings. The
overpressure inside such a sheiter can be reduced
to about 30 percent of the incident valug for
rapidiv decaving blast waves. However. if there
is httle decay during the time required to {ill the -
chamber. the peak overpressure will not bz re-
duced. The time to peak overpressure is approxi-
mately equal 1o the ratio (in feer) of chamber
volume to entrance area. ‘

'11-31 Thermal Radiation Démage' .

Thermal radiation has limited effectives -
ness i producing damage to field fortifications.

The primary effects are superficial scorching of
‘exposed wooden revetments or reinforcements.

-Other exposed materials. such as sandbags. are

susceplible 1o incident "and scattered thermal

. radiation. Sandbags have failed at 10 calyem?

from a-40 kt weapon. Light revetting materials
sich as burlap or pusteboard are also subject to
failure if they are exposed to high levels of inci--

dent or scattered thermal radiation.
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Problem 1110 Calculation’ of Damage to Field Fortifications

Figures 11-50 and  11-57 show  the
cround distance. as @ funcuion of height of burs:.
at which there is « 50 percent probability of
‘severe. moderate. or light damage 1o various
field fortifications in Nevuda type soil as a result
of o 1 Kiloton explosion. Since there is little
difference between a curve for. 10 percent proba-
bility: of severe damuge and one for 90 percent

probability of moderate damage. both mayv be

indicated by drawing u single curve midway be-
tweenw the curves for S0 percent probability of
~moderate und severs damuoge. For 90 percent
probability of severe damuage. use one-half the
vield at the same height of burst.

Figure 11-58 shows damage levels to un-

revelled fo,\'-ho]s_s and trenches in various soils.
Seuling: .
igures 1]-56 and 11-57: For vields other
than I kt. scale as follows: ‘

d _ ] - ‘]1,113 .

where ¢, and /i, are the distance from ground
zera and the height of burst respectively. for |
kt: and & and / are the corresponding distance
and height of burst for a vield of I kt.

Figure 11-53&: For vyields that are shown.
the overpressure corresponding to a desired level
of damage may be determined. The correspond-
ing radius of damage may then be scaled from
the distance and height-of-burst for 1 kt by the
scaling rules indicated for Figure 2-17 through

- 2-22. For other yields, the impulse may be deter-
mined from Figure 11-58, and the distance and
height-of-burst may be scaled by the rules indi-
cated for Figure 2-35 and 2-36.

Example 1 ? C
Given: A 20 kt burst at 500 foot HOB.
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Find: The horjzoﬁtal distance at which
there is a 50 percent probability of severe dam-

- age to a command post in Nevada type soil (con-

solidated drv sand and gravel).

u

elared Materjgl- See paragraph }1-29.
Example 2 '

Given: A 100 ki burst at a height of burst
of 3.710 feet. : ' '

Find: The damage to foxholes in clayev silt
at a distance of 1,390 feet. (Assume near-ideal
surface conditions.

-

N

A



also Figures 2-17 through 2-22.and 2-35 through

2-36.

eiare

aterial: See paragraph 11-29.
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Deleted

-

. Mashine .9un Eseplacements .
Figure 11-56. ‘ (reference Table 11-13)—Damage
by 1 kt as Function of Height of Burst and Ground Distance ‘
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De.l'eted

Cow mend Bsts end Fersomac] Shelters
Figure 1‘1~57.' ' Damage by 1 ki as a Function of Height
of Burst and Ground Distance (reference Table 11-13) ‘
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Deleted

Figure 11-58, Damage Levels to Foxholes and Trenches in Selected
' - Soils Versus Overpressure Impulse ‘
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SECTION vii

u [N ARéAé -
W wvrroouction W

‘ One of the problems common to most
target areas is the danger of damage by fire. A
mass fire in an urban area is one of the most
devastating effects that thermal radiation can
produce: moreover. the problems that must be
considered in the ahalvsis of fires in urban areas
are basic to many of the aspects of thermal dam-
age 1o other targets. This section considers the

problems of fire in urban areas. The response of

materials 1o thermul radiation and the combined
response of materials to thermal radiation and
air blust are deseribed in Sections Hl and TV Chap-
ter 9. Ignition levels'of many combustibles are also
given i Section 111, Chapter 9. and a discussion of
survival in fire areas is also provided there. Skin
“burns and the effects of thermal radiation on the
_eves are treated in Section II. Chapter 10. and
thermul damage of special interest with respect

to specific targets is treated in the various other

chapters of Part 2 of this manual.

W cvoLuTion oF Mass FIRES | |

' Near ground zero. a nuclear weapon
burst over an area contaming sufficient combus-
“tible. material will inflict essentially toral de-
struction by the combined effects of blast dam-
age and intense fires. An analvsis of damage
mechanisms in this central area is unprofitable.
unless the area contains targets that are hard
ened to nuclear bursts.

As the distance from. ground zero in-
creases. the situation changes continuously. The
extent of thermal and blast damage depends on
-many details, such as how buildings are con-
structed and whether the leaves are on the trees.

" The size of the area damaged by the burst de-
pends on what happens in this critical transition
region.

Accordingly. this section is concerned -

principally with the response of materials 1o ru-
diant exposures not exceeding a few tens of cal-

ories per square centimeter. General statements.
¢.g.. the statement that the thermal pulse-does
not ignite thick. sound boards. are not usually
applicable in the region of very high radient

exposure. ' -

11.32. Ignition Points

Most fires that are started by therma!
radiation originate in thin kindling fuels. Thes:
fires generally are not significant. Significunt
fires only result when fires in thin fuels spread
to contiguous' thicker fuels. or when thicke:
fuels. e.g.. dry rotted wood. are ignited directly.
Thus. the growth from many small. 1solated igni-
tions to a fully developed mass fire depends on
the presence of thin kindling fuels and on the
presznce and sp:u.mcv of all combustible fuels in
the area.

In most inhabited areas. fires that are
ignited indoors are more likely to develop into
significant fires than fires that are ignited out-
doors. Large amounts of kindling fuels are re-
quired to maintain a fire sufficiently long to 1g-
nite a sound wooden structure. and the reqmred
fuel arrangements are much more common in-
doors than. outdoors. Ignition and burning of
outdoor fuels'depends heavily upon the weather.
but interior fuels are relatively insensitive 10
weather.

Qutdoor ignitions may be important at
certain times of the vear in urban areas where
the land is left in its wild state. Fires that start in
dead weeds or in tall, dryv grass on a2 windy day
may develop into brush fires sufficiently intense

_to ignite houses. Areas that are poorly maintain-

ed also are likely to be susceptible to fires that
start outdoors. The fuel contained in a pile of

‘trash often is sufficient to ignite a structure with

loose. weathered siding. If the air blast cracks
and splinters wood siding close to the ground.
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11-33  Room . Flashover -

The fenitjon
1uch inou room does nov assurg o significant fire.
Usualh o one or two combustible furnishings.
csuclas i overstuiied chueir or couch. a bed. or v
woode tables must be ignited ceither directhy or
by adiccent kidhng fuzlsy aind must burn vigos
oushv 1o ceuse e sprewd through the room.
Newspuaper and othor similer materials that can
beoagnited eusily are very common interior fusls,
and they are frequently found on and near furni-
ture. In the uabsence of such fudls. materiul-
covervd turnishing cor be tgnited with o sonie-
whot lureer rudis

I aN 1‘.'"9\!]"

Tesis indicute that when fires b»\“onh
Lirge enosieh 1o aprwd they generully will burn
between 10%end 20 mmates before raom flush-
ToveT. Flasho\sr 1 the transitien that occurs
when flumes from o locatized fire suddenh
spresd 1o fill the room, It is preceded by heating
of ull exposed surfuces in the room. and it oc-
curs after combustible surfuces become suffi-
cienthy hot 1o emit gaseous decomposition prod-
ucts. The hot. combustible vapor usually accu-
mulates near the ceiling lgninon of this vapor
increases the rate at which the fire generates
heat. and the fire spreads rupid]}‘.

11-34 Active Burning of a Structure -
After room flashover the fire becomss
mtensy enough to pengirale Inlertor partituons
and to spreud to other rooms. The blaze from a
single fire in a typical residence may be expected
to reach peak intensitv in roughly ene hour. A
larger building with 10 percent of 115 rooms ig-
nited initially also will be burning most actively
in about one hour. Fires caused by simultaneous
ignitions in about half of the rooms of a struc-
- ture ordinarily would develop more rapidly and
would reach peak intensity in about 30 minutes.
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o7 a single ftem of kindhing:

These times depend on building construction

-and fuel arrangement and are highlv variable

11-35 Fire Spread Between Structures -

‘ Mechanisms for fire Sprhad from ong
structure or another may be conveniently classi-
fied as short-range and long-range effects.

Shewrt-range fire spread:” The direct spread
of fire from one structure 10 another usu-
ally is caused by radiant heat transfer. The”
radiatine poruons of burning buildings
. emit about 4 cal em=sec! . a value corre-
. sponding 1o a radiating femp=rature of u
little more than 1.400°K. Wooden surtaces
exposed 1o about 0.4 cal em '9"" for ex-
tended periods of time will scorch. smoke
and eventually burst inte flame. This hun-
ner of ignition is probable if the dimen-
sions of the burning structure ar-:.ac‘ large
as (or largzr thani the distance to the un-
© burned structure. Fire can also spread over
short distances by convection. Hot gases
from a burning structure muay contuct &
structure that is not burning. This mech-
anism usually is not a determining factor
in how 2 fire will spread in an urban areu
In the absence of strong winds. radiation
usuzally 15 more effective than convection.
[t strong winds are blowing. Jong-range fire
'spread nmechanisms uétla]l_\ have the great-
est effect on the advance of the {ire front.

Long-range firc spread: Strong updrafts
are produced by intense fires. and these
updrafts frequently are able to Hift fairly
large pieces of burning wood or ather fuzl
high mto the ait. If a moderate or high
wind Is blowing. these burning pieces may
drop several hundred feet from their
source. Some of them will ignite structures
on which they land and may start new
fires. The burning pieces are called fire-
brands. and this process of starting new
fires is called spotring. 4
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11-36  Mass Fires .
- Fatie o omost of the Dres tha ere start-

T RO FEUIS T
Prevss Ty airtions pattern arotd cach 1ire othe
COMVOCTIN G Tise of hot guses and the inflow of
fresh airdis not appreciably affected by the pros-
Cence o other fires nearby . However, it the arex
is heavity built up oso that the densitny of fuel s
hight and o Largd fraction of the strictures are
mitiay dgnited, the fires will tond 1o merge and
orm usinele comvectng column that nen nise 1o
23000 oot o hicher Wher the convective ool

burst wilh burn as rdividug!

ums conditen ds foavhed  the nreissuid 1o be o

M 1T
SN R o ot darel o s w0 noes
TR rosidential areas.
the bioldmes e oy enongh apart that the avails
—abie Tuch wall be imwdequate 1o support mass
firos Although the condivons thut will result in
domess fire are not now well-hnown' o high rate
ol fuel consumpuor per umt arca is known 1o
bea strongly connbutmg fuctor
Muss Tires ard of two (vpes: firesterins
and contlagrarions
assimes will depend on whciher the dirflow in
the region v dominated by convection forces or
by biont wind forves, - ‘

A firestorm s o omass fire with un essen-

Cualiy stationary 1re front 1 is the more likeh
ope of mass fire when wind is heht. The overall
airffow p;m;rh tends 1o be roughly symmetrical,
Strong winds blow into the fire at j1s edoe to
replace the air in the rising convection calun.

ik

In some cases. tire whirhwvinds.up to 12 mile in

diamzter many develap. producing winds ot 100

mph or more. : ‘
Once a firestorm develops, any unburn-
cd object within the perimeter is soon surround-
ed by flame and is ignited. Destruction within
the firestorm areu is. for this reason. essentially
complate. On the other hand. by biowing against
the fire front. the same strong winds that keep
the fire burning at high intensity help to protect

The form that a mass fire

the wrea thal wur noi dgnited  initiallyv. Both
thantes and firebrands are carried imward. and the
winds help to cool buildings outsude the hire
Thus the danzer of outward spread is reduced
The term “conflagration™ often is usd
looseiv 1o mean any jarge fire. particularly o
that spreads to a number of buildings. 1o this
manual the term s used in o stricter sense o
mean @ mass fire driven by the wind, Being «
mass fire. it invohes a large areu that is lmrnihg
intencels . _ : . '
A conflagration resulis when the ambi-
ent wind is strong enough to override the wind-
caused by convection. It is charucterized by an
advincmy fire 1ront. p;n'm‘lll;n‘],\‘ on the down-
wind side of the tire. The ront odvences by di-
rect contact of the lame with unburacd strac-
tures amd by the spotting of numerous fires by
firebrunds, The wind blowing outwuard from the
fire in the downwind direction i~ often much
stroneer than the ambient wind. '
Mamy | conflagrations tave occurred in
peaceiime. Examples mnclude intense torest fires
and large urban fires. such as the greut Chicago
fire of 1871 Conflagrations often burn until
they are stopped by a natural firebreak or until
the winds die down or change direction - ‘

When winds are strong. conflagrations
are hkelv to advance in surges. traveling ar rates
up o 2 miles per hour, The same fires would
advanee at about 1710 to 172 mile por hour
without the support of strong winds. depending

on fuel weather. and topography .

q The spectuculur increase inintensity of 4.
fire that reaches the proportions of a mass {ire

suggests that further mcreases in size might pro-
duce fires that are even hotter. and. in the case
of" conflagrations. would spread even more rap-
141y s however, this is not the case. In u firestorm.
the strong inward winds that maintai an intense ’
level of combustion at the fire’s edge penetrate
only about a half mile into the fire area. Deeper

~inside the firestorm. air that is required to feed
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the fire comes from above. Conditlions in this
central region are no different than the\ would
be if the fire were infinitely large.

After a large nuclear burst: several mass

fires might be scattered throughout a large burn-
ing area, Initially. some areas may not be burn-
ing. These would bé arzas that lie in the shadow
of a hill or cloud. or-areas wheré large deciduous
trees screen nearly all structures. 'Even if the fire
spreads widely, areas such as these may not be
fully ignited before other areas are burned out.
Large areas with little fuel. e.g.. parks, probably
‘will be safe from fire during the entire period.
Active burning time in most urban areas would
be, between 1.2 and 2 hours at any given lo-
cation. '

W =stimvation ano gonTRoL
‘OF THERMAL DAMAGE

q Since the ignition and spread of fires de-

pend on the interactions of a large number of vari-
ables, it usually is not possible to make accurate
predictions of fire damage. Even a detailed study
of a particular urban area cannot predict such
vital factors as shifting of winds (which may be
affected by the fire itself). The ignition pattern

" produced by a nuclear burst can be predicted
with some degree of confidence. however, and
the evolution of the fire can be described in gen-
eral terms.

11-37 Radiant Exposure Thresholds Y

"The maximu_m possible radius for direct
thermal damage by fire is the radius at which
light combustibles can be ignited. The thermal

response of various materials is discussed in Sec- -

tion 111, Chapter 9; however, for most purposes a
detailed examination'of the properties of many
materials is not necessary. Much of the following
discussion is based on the properties of a single
kindling fuel, newspaper. This is a light combus-
tible that is commonly found in urban areas;

moreover, its properties are similar to those of -
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many other materials that are easily ignited. Its -
ignition thresholds have been investigated exten-
sivelyv. ‘ ‘

*The radiant exposure required to ignite
newspaper depends on several factors. Pictures
are usually darker than text printing: therefore.
picture areas will absorb more heat than will
areas covered by text. Variations in moisture
content affect the radiant exposure required for

ion (see Section 111. Chapter 9). )

" A single sheet of newspaper is sometimeas

more difficult to ignite than the outer sheet of a

looselv folded newspaper. Heat loss from a sin-
gle sheet .takes place at both front and back sur-
faces. 1f. on the other hand. z newspaper

loosely folded. heat from the back side of th~"
‘outer sheet is largely trappud bet\aeen the first

d second sheets.
Data suggest that this last effect is unim-

porlant for yields below about 10 Mi. Pulses of
‘'shorter duration than the pulse from a 10 Mt
burst allow insufficient time for heat loss from
the back side of exposed newspaper samples:
consequently, the insulating layvers have.only a
small effect on the temperature reached during
short pulses.

Geometrically complex shapes. e.g..
crumpled newspaper. ignite about as easily as

olded newspaper.
Experiments indicate that the ignition

thresholds for folded or crumpled newspaper for
very long pulses (corresponding to 1.000 Mt or

.more) approaches about 2/3 of the thresholds

for short pulses: however, specific quantitative

relations have not been developed. Figure 11-59

shows the range of radiant exposures required to
ite newspaper. .

- Although combustibles indoors are like-
ly 10 be drier than those outdoors (particularly
in cold weather), a higher radiant exposure often
is required to start fires indoors. Windows that
allow exposure of indoor combustibles can pro-
duce attenuation in three different ways. First, a -



window admits onlv the direct flux plus that
portion of the scattered flux that comes from
the portions of the sky that are visible through
-the window from the position of the target. Sec-
ond. window screens and panes of glass attenu-
ate thermal energy. Third. the relative positions
of the fireball. the window, the target, and near-
by trees or structures often provide shielding

that allows the target to be exposed to only a -

ortion of the fireball radiation. .
Data to estimate the protection that

windows provide from scattered flux are
sketchy. Computer codes can be used to deter-
mine direction and spectral distribution as well
as the amount of radiation reaching a given

point: however. complete results checked with |
imental data are not available.

Attenuation by glass and screen can be
estimated- easily. A pane of glass generally re-
duces thermal energy by about 20 percent. Very
little of this loss is in the glass itself: most of it is
caused by reflection of energy at the surfaces.

‘Therefore, attenuation is nearly independent ¢f

the thickness of the glass. The attenuation de-
pends on the angle of incidence. A transmissior
factor of 80 percent is a good approximation for
angles between 0° and 60°, but at grazing angles
the amount of energy reflected is greater and
transmission drops ‘rapidhy. Window screens
block about one-third of the incident radiation.
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Problem 11-11 Calculation of the Radiant Epr;ure to ignite Combustibles Indoors

- Figure 11-39 shows the range of radiant

exposures required 1o ignite hewspaper. Over
most of the graph. the bettom of the band esti-
" mates the values for dark-printed sheets and the
top of the band estimates thresholds for sheets
with ordmary text At the highest vields shown.
the bottom of the band represents dark-printed
single sheets or folded newspaper with ordinary
text printing, whichaver is lower: the top of the
band represents single sheets with ordinary text.
Moisturs content is that corresponding to a rela-
tve humidity berween 40 percent and 50 per-
cent. When relative humidity 15 ¢clos2 10 zero. the
ignition thresholds are about 80 percent of the
valuss shown: when it is close to 100 percent the
thresholds are about 120 percent of the values
shown. ‘ /

E,\'ample-
Given: A 1 Mt weapon burst over an urban

area during cold weather. ‘
Find  The minimum radiant exposure re-
quired 1o ignite light combustibles indoors.
Sclution: Figure 11-59 shows that a 1 Mt
burst must produce a radiant exposure of about
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6.5 cal/em? 1o ignite-folded newspaper in air of
about 50 percent relative humidity. During cold
weather, humidity in heated interiors is usually
quite low: therefore ignitions can be expected
with about 80 percent of 6.5 cal/em?, or 5.2
cal/cm?. It is reasonable to expect the protec-
tion of at least a single pane of glass with an

‘attenuation of 20 percent in virtually all expo-

sures. -

Answer: Considering both the low relative
humidity indoors and the minimal expected at-
tenuation of a single pane of glass. the free-field
radiant exposure must be about 6.5 cal/em? to
ignite kindling fuels indoors. At the range where
this free-field radiant exposure occurs. indoor
fires will be started only where conditions are
such that materials that are ignited easily receive
full exposure to the incoming radiation. If
weather conditions are such that a substantial

fraction of the 6.5 cal/cm? arrives as scattered . -

radiation, few ignitions are to be expected.
Therefore. the radius at which radiant exposure
is 6.5 cal/cm? is probably an overestimate of the
radius at which the danger of fires is severe.
“'Related Matrerials: See paragraph 11-37.
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11.38  Fire Radii - o
Alethods for serting imits on the radius
within which fire mey be expe
be aflusirated best by analvsis
of spoaili sitwations, Twe exumples chosen
from the Fre-Cite Study conducted by the Of-
fice of Uil Detense are d-\.\nb;d in suceeeding
paragraphs. '

~11-39  The San Jose Study ‘

Input duty tor the studyv of San Jose.
Calitorma. were obtuined By trained firemen
who exanined o lurﬂ‘ number of residences and
other structures iy the San
IeTLOn sies WaTG i\i;;m;m:. The arrangament
other fuels provided the basis for g _uml;_nmm

ous problome- car

as toowhether un renion would lead 1o g signif-

lenition sites
written and

icant fire. The Jocutions u. both
and - wimdows were noted, Both
photasruphic records were muade. 4
A stutistical analy s of the effects of a
hypothetieal nudlear burst was tien performed.
The assumed conditions were:
Yield San
Burst heieht 14,500 1eet -
Time of veur -\H"L‘\'l '
Visual rung 22 miles
Cloud cover 1 10 scattered Lloud\
ceihme unlimited
Less than 10 mph from
the west
- Burst location About 13 miles north of
Sun Josz business district
. During August. the relative humidity
may be expected to be moderately low in San
Jose. The radiant exposure requrred to light

Wind

folded newspaper is about 9 cal/em® when hu-

midity 15 40-30 percent and nearer & caliem? for

the conditions in San Jose in August. This figlire

might appl\ to a fully exposed target behmd an
unscreened. open window.

The effects that were calculated for the

L weapon are shown in Figure 11-60. Sixteen
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cted 1o By o serde

Tase arew. Potenual?

. miles from ground zero. where the radiant expo-

sure is 10 cul em” . significant fires will be start-
ed im about 2 percent of éingle-famih resi-
dences.® At 13 miles. radiant exposure rises 10
17 cal’'em®. and over 10 percent of the resi-
dences would sustain fires that. if uncontrolled.
would destroy the structure. At shorter ranges.
the fraction of homes ignited increases rapidly.
and mujor fire losses are almost assured.

The long-range extent of fire damage
mu) be estimated from the top scale in Figure
1-60 for cuses where the firespread potential is
moderate. If the fire spreads principally only
within blocks. the number of blocks in which at
least one structure 1s ignited is @ good indicator
of the number of blocks that will eventually be
burned out. The upper scale in Figure 11-60
does not represent conditions in Sun Jose exuct-
v it represents “hypothetical situation in
which each block contains 20 structures. The
number of ‘blocks containing a significant fire .
drops much more abruptly with increasing range
than the fraction of structures contuaining a sig-
nificant fire. This indicates that. in the absence
of fire-control measures and with high firespread
probability between adjucent houses, the radius
of the completely burned-out areu is fairly well
defined at ubout 13 miles.
An analvsis of blust damuge 1s required
1o Present @ complete picture. Fifteen miles
from ground zero. the ovérpressure of 1.7 psi
has @ S0 percent probability of producing light
damage: windows and doors may be blown in:’
wull framina. rafters. and interior partitions may
be cracked. At 10-1/2 miles. moderate blast
damage is expected: wall framing may be badly
cracked. the roof may be damaged. and interior
partitions may be blown down. Structures in

:’The radiant exposure data in Figure 11-60 cannot be con-
firmed by the methods set forth in Chapter 3. Thermal partition’
and transmittance daia used in the Five-City Study are not iden-
tical to the data presented in Chaprer 3,
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connditeom Wl o be resistant e rires
_ Eldoods o Additionulhy .
s terad preces o waod e fikely to full where
they con contribate o cutdoaor firest AL 7 miles,
e overprassury has ¢ 50 percent probubility of
produacig <evere danmag 18 homes: the frames
are shutterad and most structures will collupse.
Fires ure
idiy . Blast dumuge wili impede eftorts to extin-
euish Tires while they are stll smull.

Ouldoonrs,

The Sun Jose study reveals asituation in

Swhich the uncertuinty us 1o the amoaunt of fir

N
damuge is relutiveh simal Between 12 and 13

miles trean ghownd zeron the number of fires s

sufTicinthy Ingh that o ofew o the fires ma b
sxpoctad toogol ot of control, ALt '
Laney, blast damayy 35 overs endueh 10 contri-
bute substantially 1o the rore o tirespread.

The Su Joso unulvsic usad an approni-
mution that is conservutine trom the point of
view o1 the derense. The culenlution of the value
of diredt radimit oy was based simply on trans-
mittance,  Sinee  transnuttance,  indicates  the
amount of direct plas scattered radiauon. the
amount of thermal energy pussing through o
window and strikmg a o specifie obyect would be,
M MosUstnees Jess than the amount tat was
caleuluted, Becnuse of the
scdtiering propertics of huze purticies. this ap-
provimation bvohoes o smaller error than would
exist 1. the scattered radiation had o uniform
intensitn rom all parts of the shy ‘

Structures other than. residences ulso
were studied. Signifi
half” of the slrmmru in the central business dis-
trict. even though the ground range is about 13
miles. the range at which only 10 pereent of the
§m°|e famll\ houses sustain smmm.mt fires. The
differance lies chiefly m the sizes of the strue-

tures. Buildings in the business district are reld-
tiveiv tall so more of them huve an unobstructad
building in the
thun the

view of the fireball. The average
busmess district has more windows
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axpected o develop ;md o <prmd rap-'

same ddis-

strong . forward-

nt fires were predicted in-

average residence. so there are more potential

ieninon sites per huildme. o
Under the conditions assumed i the

study . 4 firestorm would be prohﬁl\lé in the cen-

“tral business district of Sun Jose. and umenabl

conditions would be e\p_ued within 172 10 1
hour ot the detonation. As 4 result of Iln hglﬁ
wind. fires in residential areas would be expect-
ed 10 be governad by short-runge spread mech-

“anisms. Although ennre blocks muy burm oui, .

tiresn residential areas are norexpected to be so -
mtense that survival within the fire area would
be u severe problem. Probabilities thut were cul-
culated for across-the-street spread from onc
block to unother and buck-to-back sproud withie
blocks are low for most of the ureus: thsr;!mh
the fire is not expected to spread much bevond
the arex ignited. '

11-40 The New Orleans Study -

Another poruon of the Five-Cin Slud\
Hlustrates o sitiation i whicly thermat dumage i
relativels difficult 1o caleulute, The assumed
conditions were: ' o

Yield 10 M1

Burst height Surface bnm

Tume of vear Augtisg

Visual range 15 nules

Cloud cover Nomg - o
Wind 0 Lessthan 10 mps fram

the south
urst location Central busmess district

The effects pndm-‘d from such u burst
are shown in Figure 1161, The number of fires”
started indoors by thermal radiation is predicted
to be Jow bevond the range for 6-psi overpres-
sure. even though the free-field radiant exposure
at this distance {5.3 miles from ground zero) has
the very high value of 160 cul ¢m”. The Jow
incidence of predicted indoor ignitions resilis
from. the Jow elevation angle of the fireball. The.
artificial horizon of trees and buildings obscures
the firebull from most residential windows {the
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averaee elevatien angte of the artiti.-

cr New Orleanis, _
Inoothe Sar Jdese Study . J[h: assumed
burst hoght or 14500 reed pldu\ the firebul]
whore iU can shine through muny windows and
.<an renite

Phorizon is
abont 1 ‘

o lurge number of fires indaors. Mech-
anismes for starting fires outdoors also exist. but
Athe dgnition patterns are largely determined by
the munv.ndoor fires )

In the New Orleans Slud\ very few -

001 nires are predicted. and outdoor fires as-
sumy a0 much higher relative importunce. Unfor-
tunately . the spread of most outdoor fires de-
pends on mechantsms for which reliable predic-
uon techimques are nat estabhished,

Mamy secondury fires would be sturted

o Djast damuaee alone. Other signiticunt 1ires
would result from o combination. of blast and
thermal damage. e.g . from splintered wood be-
ing thrown on smuli fires started in thin fueks.
CFlammuable roofing materials might provide jgni-
tion sites. Scattered thermal energy. not separ-
ately accounted torin the transmittance caleula-
tions used in the Five-City Study . will udd to the
small amount of direet energy that enters win-
dows of houses and will help to ignite indoor
materials where no fires ure predicied,

of the fire dunger depends on

- Much of the fire danee 5
blust-thermul “interactions. Fire dumuge is ex-

pected. to be light where blast dumuage s Hzht
Where blast damage is heavv. scattered fuel will
aid the spread of fire. and even a few priman
fires probubly would destrov the areu. The prin-
cipal uncertainties lie in the region of moderate
blast damage. ‘

11-41 Effects of Clouds - __
,- Heating of air by the blast wave clears
the air of small water drob[ets for some distance
beyond the edge of the fireball’ A burst at-the
" botiom edge of a cloud laver clears a region
through -which thermul energy cun propagate
away from the fireball. The clouds above the
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burst form ¢ reflecting surface that carries ther-
mul energy outwurd from the burst. If the radia-
tion arrives primarily as scattered flux. the situa-
tion differs from the receipt of direct ﬂu\ m
several respects: :

¢ Since the incident flux no longer arrives as
o direct beam. its ability to penetrate deep-
I\ into a room at essentially’ full sirength is
lost.

¢ That portion of the scattered flux that ar-

" rives at a window at nearly grazing inci-
dence is strongly reflected by the glass.
Roof overhangs and the window frame
provide further help to eliminate this por-
tion of the scattered flux. For equal radi-
ant 2xposures™. the amount of scattered
energy that can penetrite a room through
a window is roughiv 273 of the eneroyv that
could penetrate the room if ull the eneray
were ‘received us a direct beam through 4
window facing the burst. .

e Rudiant exposure at 2 window is less crit-
ically. dependent on location of trees.
other structures. ete.

& Thermul energy enters all ‘windows. ot
just those facing the burst.

& Interiors of the rooms are more uniformiy
illuminated. because the energy spreads
out as it propagates past the window open-
mg.

. The thermal energy reaches many mora
indoor ignition sites when It arrives as scattered
flux. but at all of these sites the radiant expo-
sure is considerably less than the free-ricld radi-
ant exposure.

The primary targets for scattered ther-
mul radiation are curtains. drapes. and window
shades. After these targets ignite they may be

" Free-field radiant exposures are considered equal when fizt
surtdves opumally oriented iusually this means that the surfaces
are glmost directly facing the burst point) receive equal radiant
exposures. -



“blown directh across the room by the blust

wave. Signiticunt {ires may result if furnitore -
©.windows on all four sides of a house. curtine

placed opposite w..dows provides an asequcte.
properly located fuel supply. Because of the way
m which radiant exposure dacreases with dis-
tance from the window. potential targets deepér

i the room. e.2.. a newspaper Iving on a chair.

become much less ik to ionite,

The Five-Cita Studﬁ’ sugeests that closed
curtaims and shades e.\po...d 1o direct flux are
about half as effective in starting fires as other
objects within the room when the curtains and

shades are open. The figures are controversiul.

bacause it is difficult 1o predict the results of

throwing burning curtains and shades acros
room. However. with scattered flux entering

and shades provide about as many siles por
house for significant fires as other targets v\

- pased to direct flus.

On the basis of gl of these considera-
tions. mmdoor ignitions from strongly scattercdd -
radiation. are expected to occur in Jess than 10
percent of the exposed'structurcs. uniess frev-

. -field radiant exposure exceeds two or threo
~times the ignition threshold for newspuper.

Above this level. the number of significunt fires
is expected. to incredse rapidh
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Probtem 11-12° ‘Estimation of Fire Damage

provided ot the preced-.
this <ection provides g means
of the extent
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aclear davoand damuage

probebiitees one choady dos

Dainagy Probabilizios oo a Clear Doy
Figure 11-39 shows that tha lowest joitine
throshiall to

IR ARE R AN

e San Jose Stuay su
Tl Uiarmien wilects srari o became imp
1oy ot obact twics this thresheld value
;Th-: relations berweer this thres
hold wind other parameters for the assumed
vield and barst heiehis are shown in Figure
11-62. Riadiunt exposures Have been calou-

luted fer o clear d

creutes her-
Maul 21Iedts 1hal compare closely with those
predicted in the Sun Jose Study. As a first
approximation. therefore. similar damage
evels would be assumed. For example.
where the free-ficld radiant exposure is
twice the ignition threshold of newspaper.
about 15 percent of the one-family resi-
dences would sustain significant fires. At
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Croughly the same range. 30 percent of lare-
er structures such us apartment houses and
office buildings: would sustain significant
{ires. )

A better, approximation should considor
differences between Russian and Amencun

128 factors cunnnt
be evaluuted accurately: theretore. thoy ure
considered as uncertaintias i the analvsis
rather than as the basis for correction tuc-

10T, ' '

'— presenis almosy
nncult o prediction problem s the
New Orlegns Study. The mbal]-

~ 50 low that Ui

amonnt oi thermul enerey that would enter
windows would bz modificd by the artin-
cial horizon of other structures and trees.
This artificial horizon is probubh Jowe

particularly
. durmg the winter months. Nevertheless. &
few fires would be eapected in the one-
family residences that are far enough from
the burst to avoid substantial blust damage. '
. Taller buildings would probably sustain
nearly as much damage as the San Jose
" Study suggests. ‘
" Damage Probabilities on a Cloydy Dayv
Tvpical cloud cove during the
winter months is of the stratiform. inver-

K - —

'7’\’ '
A &)



oz tvpes These are low . continuous clouds
tihe bottom 1s often as low as 400 fect).
and visug! runge below the cloud laver is
likelh to be on the order of 10.000 feet.
These clouds offer protection from thermal
enerayv if the burst is a few thousand feet
above the surface. but they mayv enhance
thermal damage from bursts near the sur-
face. as described in paragraph 11-41. The
clouds above the burst and the probable
snow laver on the ground form reflecting
surfaces of o duct that carries thermal
eneray outward from the burst

Confining the radiation in this manner en-

“hances the thermul radiation transmitted to

tarcets on the ground. As indicated in

-

Chapter 3. this enhancement could be

as much as 225 times the radiant ex-

posure that would be received in the ab-
sence of these reflecting lavers, At the same

time. the hazv atmosphere between the
-snow and the cloud lavers produces some

attenuauon, The principal effect of this

tvpe of atmosphere is thus not so much a
change in free-field radiant exposure as a

chinge in the direction of the incident radi- .

ation. It no longer arrives principally as a
direct beam: it 1s scattered toward the rtar-
get from many directions. Thus, on the
 basis of the discussion in paragraph 11-41,
interior ignitions would be expected to oc-
cur in less than 10 percent of exposed
structures unfess the free-field radiant ex-
posure exceeds two or three times the igni-
tion threshold for newspaper. :

Effects of Multinle Bursts

- Blast overpressures exceeding 1/2 psi will
break most of the windows facing the

burst, Overpressures. exceeding 1-1/2 psi |

- will break nearly all windows. Houses thus

damaged are apt to be more susceptible to
thermal radiation from a second burst. be-
cause the first burst has removed a source
of attenuation. Since a window pane passes
onlv about BO percent of normally incident
thermal energy. the radiant exposures re-
quired to produce a given damags fevel con
be.reduced by 20 percent when window
panes are remov ed.

Concurrent effects mclude the removal of

" curtains. one of the tareets of thermal radi-

ation. but also one of thesources of attenu-’
ation for other ignition sites ‘within the
room. The net effect of these changes is
believed to be 2 further increase in thermal
vulnerability on clear. davs and a decrease
in thermal vulnerability on hazy days.

Splintered wood produced by the blast
wave may add numerous outdoor ignition
sites at points where ianitions can result in .
significant fires. This effect is expected to
be particularly important in areas where
wooden shingles are common.

Kindling fuels that are oo moist to be igni-
ted by the first thermal pulse may be dry
enough to be ignited by a second pulse.

However. if the fuel is initially wet rather

than just moist. several exposures may be
required. :

Scorching by the first pulse also increases

target vulnerability. Since the surface of =~

the -material is blackened. it will absorb a

greater fraction of the incident thermal

energy from a second pulse. Under favor-
able conditions. this effect would be ex-
pected to reduce ignition lhresho]ds by
about one-third. '
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Deleted

Figure 11-82. . Graphical Analysis of the Thermal and Blast Effects of Two. Nuclear Bursts‘. .
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11-42 Firestorm Criteria ‘

~The examples reviewed in preceding
parzzraphs provide indications of areas that are
likelv to be destroved by fire. but the likelihood
* of u mass fire hut only been discussed briefly.
‘The distinction is important. because it affects
the probabiliny of survival for people in the area.
A large number of individual fires stil] leave rela-
tively cool areas where fresh air is available. but
g mass fire increases the danger of poisoneous
‘gases for those whoe remain in,inadequmle'shel»
ters and the ‘dunger.of excessive heat for those
‘who trv 10 escape the areu. .

The criterie for mess fires dre sull the
subject of controversy . nevertheless. tentative

criteria huve been proposed. These criteria pro-

vide useful information if it is realized that they
are only rough guides.

' The intensity of a large fire depends. in
parl. on the average amount of combustible ma-
terial per umit area. InHamburg. where 45 per-
cent of the firestorm areu was covered by build-
ings containing about 70 Ibs/ft* of Tuel. the
average fuel loading was 32 Ibs'fi®. A strong
firestorm was produced in the area from the
World War 1] incendiary bomb raid.

In Hiroshimu. the average fuel loading is
estimated 10 have been § Ibs/f12. The fire resuli-
ing from the nuclear burst clearly showed fire-
storm characteristics: however. there Is some
question whether the fire was of sufficient inten-

~sity to warrant classifyving it as a true firestorm.
Energy release rates that have been calculated
place Hiroshima in a class with Japanese and
German cities that did not develop firestorms.

i. If the Hiroshima fire is classed as a fire-
storm. the fuel-lpading criterion mav be set at 8
Ibs/ft=: if it is not so classified. the criterion is
uncertain. No firestorm data are available for
fuel loadings between about 8 Ibsft’ and 30

1bs/ft*. A suitable figure chosen to fall between
these limits can be established only by relatively
uncertain theoretical considerations.

In areas where wood Is used extensively
in construction. the amount of fuel mayv be esu-
mated to be about 15 lbs/ft? for each storyv of
structure. Estimates based on this rule of thumb
are subject 1o large errors in individual cases. bu!
reasonable. accuracy usually is obtamed in est-
mates of average fuel loading over large arcus

.that include both residential and commerail
structures, '

At some point in the evalution of u lurg.

fire. a large fraction of the structures must b
“burning simultaneoush
firestorm. If this pomt is reached at all.it is

“if the fire 1§ o become o

generully reached within a short time. typicalh
an hour or two. after the fire sturts. If the nic
de\'ellops more slowly. the number of structures
that are burned out limits the peak ntensity o
the fire. even in zreas that are Lomplehi\ dv- -

sstroved by the fire.

A firestorm requires either ignition of 4

large rracnon, of the structures in the area or

rapid firespread. However. the probability that a
rapidly spreading fire will become a firestorm is
low. The rapid spread of fires from a few tgnited
structures is likelyv only in o high wind. but
high wind also can prevent a firestorm from de-
veloping. Therefore. a firestorm is unlikely if the

‘fraction of structures initially ignited i1s below

about 50 percent.

In some cascs. the development of a fm-
storm depends on whether the convective forces
produced by the fire are strong enough 10 over-
ride ambient winds. If surface winds exceed
about 8 miles per hour. a firestorm is unlikely.
In such cases. the fire is likely to spread as a
copflagration.

Almost without exception, the fire:
storms that have occurred as a result of bombing
have covered areas that exceed a squ;ire mile.
Although test burns covering smaller areas have
shown some firestorm properties. fires in urban
areas seem to require areas of half a square mile

or larger before the rate of energy release is great
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®

encvact 1o

el
umoane sutiade wind puttern that characterize

g Liresinrn, o
‘ Rt and snow are not serious deterrents

1o mass fires i urban areas. The principal
_sources of Tuel ure indoors and therefore are dry.

prodace the sirong convection col-

World War 1l experiznce indicates that incend- -

fary raids carried out. during rzinstorms pro-
duced abour &0 percent of the damage that
would have been produced during drv weather.
Reduction in damage was caused primarily by a
reduction in the number of fires that started.
After the fires grew enough to desiroy the struc-
tures that contained them. the rain had no sig-
nificunt eifedt, '

In u nocleur attuck. run would reduce
the number of outdoor mgnition sites. but the
number of indoor ignitions would depend prin-
cipally on radiunt -exposure. However., the at-
mospheric conditions associated with rain usual-
by would reduce the radiant energv reaching a

articular t'arget. .
- The conditions favorable to the forma-
tion of firestorms are rensatively estimated as:

e Fuel louding of at least 8 pounds of com-

busubles por square foot if the Hiroshima

fire is classed as a firestorm: between & and
30 Ibs T2 if it is not so classified.

e Hull of the structures ignited initially.
Surface wind & mph or less.at the tme of
attack.

® Areg exceeding 1/2 square mile.

The list is not complete. For example. the mete-
orological condition known as an unstable atmo-
sphere mught be conducive to strong convective
action. In addition. the criteria must. for the
present. be recognized as educated guesses. bas-
ed largely on evidence reconstructed from the
firestorms of World War []. '

11-43 Conflagrations ‘ B
-The complexity of conflagrations pre-
11-144

vents the identification of simple criteria for
their prediction. High winds. by fanning burning
structures and causing rapid spread of the fire.
are known te be animportan? factor. The source
of the high winds on the downwind side of the
fire is often the fire itself. Horizontal winds
blowing out of the fire that are much stronger
thgg ambient winds may be produced, __

w A major factor in the rate of spread of
the fire is the ease by which unburned structures
can be ignited. For example. wooden shingles
have been a major contributing factor to many

© peacetime 'conflagrations. This tyvpe of roof is

ignited readily by firebrands: moreover. it is ca-
pable of supplying large quantitiestof firebrands
fo ther spread of the fire.

As a result of the high rate of spreud of
fire on windy dav's. development of a conflagra-
tion would not require that a lurge fruction of
structures be ignited initiallyv,

Since the inrénsjl}‘ of a fire depends on

the energy release per unit area per unit time.
high fuel loading is expected to produce the
same untenable conditions in a conflagration
that it produces in a firestorm. Fuel loading iz
not high in typical urban areas. A fire in such an
ares would be simply a wind-driven fire and not
@ conflogration. Survival should be possible for &
lurge fruction of the people trapped by such a
fire.
, The destructive nature of either a con-
flagration or a large wind-driven fire lies m its
ability to spread until the fuel supply is exhaust-
ed. The fire can cause enormous property dam-
age. but. since the fire advances slowly intc un-
burned areas. the threat to life is relatively
minor m areas that are not ignited initially,

11-44 Fire Control ‘

Under the conditions of a nuclear at-
tack. convenuonal firefighting can be expected
to have very limited effectiveness. The large
number of fires. the limited number of trained



personnck and the probable interruption of water

supplies and ‘communicaiion facilities present
overwhelming problems. o
A first-uid type of firefighting could!

llowever, be extremely effective. A large fraction

of the fires ignited by thermal radiation could be
extinguished casily in the first ten minutes or so.
l.e.. betore the time 'of flashover. Some fires can

b2 stampead out. and a gallon or.two of water is’

sufficient to extinguish other small fires. In'areas
where one structure m ten is ignited. such action

could huve a strong effect on the ultimate level .

of dynage.

be done by the ocoupunts ef the structure in-
vohed. The time required to check neighbering

Most of the firefighting would have to-

houses for fires is comparable to the time requir-
ed for a fire to get out of control

- Extinguishing individual fires also has

considerable value i .areas sustaining a large
number of significant fires. Even though some
fires will inevitably be missed. both the rate at
which the area fire builds up and the peak inten-
sity of the area fire will be reduced if some of
the initial fires are extineuished. This tactic.
probably will result in a small reduction of prop-
erty damage. but a large reduction of the threat
1o survival. Extinguishing individual fires prob-
ably cannot be expected in areas of severe blust

" damage since there will be mam immediate con-

cerns other than the fires.
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